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I. 
ABSTRACT 
Field experiments were conducted at Lincoln College, Canterbury, 
from 1979-81 to assess the effect of peas (pisum sativum2 on subsequent 
crops and evaluate factors influencing their N-fixing activity. 
In two trials, spring,...sown peas harvested green or dry were grown to 
contrast with barley. On a low fertility soil, wheat yielded 73 and 61 
per cent more grain respectively following the two pea harvests when com-
pared with barley. Wheat after lupins yielded 85% more than after bar-
ley. Seed size in wheat was 31.8 mg after barley but 39.7 mg after 
legumes. 
In the second trial, which was on a more fertile soil, winter-grown 
ryegrass produced 34 and 23 per cent more biomass after vining and seed 
peas respectively. Pea residues were removed and contained 6.8 and 2.7 g 
N m- 2 at green and dry pea stages respectively. Nitrogen harvest index 
(NHI) was 0.47 and 0.85 at the respective stages. Peas harvested dry 
relied on soil N for 50 per cent of their N requirements. Also on a high 
fertility soil, winter ryegrass after spring-sown peas and lupins yielded 
25 and 11% respectively more than after wheat. 
Incorporation of green pea residues to the soil would further increase 
subsequent crop yield, but most N is removed in seed at final harvest. 
These trials clearly showed the benefits from growing peas compared with 
cereals in crop rotations. The NHI and soil N uptake, however, limits 
soil nitrogen increases after peas. 
The following four factors influencing pea N fixation were evaluated 
with peas cv. Puke sown in late spring (13/11/80). Treatments were 1) 
8 t ha-1 straw incorporated at sowing; 2) irrigation during flowering and 
pod filling; 3) 4.5 g N m-2 at nodule formation; and 4) 4.5 g N m- 2 at 
flowering: Overall treatment responses were small because of adequate 
soil nitrogen and 114 mm rainfall during pod-filling. Nitrate (0 - 20 cm) 
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was 34 ppm N at sowing and straw halved this to 20 ppm N, 36 days after 
sowing. Straw increased, and nitrogen reduced, N-fixation but dry seed 
yield was unaffected by these treatments. Irrigated green pea yield 
(644 g m- 2) was increased by 8% when nitrogen was applied at flowering. 
Irrigation increased dry seed yield from 305 to 343 g m- 2 
Trial 4 -examined 1-) the effect of autumn (7/5/1980) and spring 
(12/9/80) sowing, and 2) moisture stress, natural rainfall and irrigation 
applied from flowering on indeterminate (cv. Partridge) and determinate 
(cv. Whero) peas. Available soil nitrate of more than 6.5 ppm N (O - 20 
cm) reduced reliance on N fixation. Autumn sowing increased N fixation 
by "27 per cent, primarily through an extended period of N fi xation. 
Irrigation of Partridge stimulated vegetative growth at the expense of 
seed development. At final harvest Partridge and Whero residues contained 
16.8 and 7.1 g N m- 2 respectively. Soil moisture and sowing date did not 
significantly influence seed yield. Lupins cv. Unicrop sown in winter 
(24/6/80) and spring (12/9/80) yielded 453 and 251 g m- 2 respectively. 
In Trial 5, eight pea cultivars were grown without irrigation and 
seven acetylene reduction assays used to assess N-fixation during growth. 
Cultivars and their seed yields (g m-2) were Whero (262), Partridge (96), 
Huka (360), Rovar (284), Puke (269), Pania (306), Tere (229), Small Sieve 
Freezer (270). The highest NHI was recorded in the earliest maturing 
cultivar, Tere (0.85) and the lowest in Partridge (0.38) because of late 
flowering during drought stress. Whero and Partridge reached peak N 
( -I -1) fixation activity 5 ]Jmoles C2H4 plant h 18 and 39 days before flower-
ing respectively. Other cultivars reached peak activity soon after the 
"start of flowering. Field pea N fixation WaS twice that of garden peas. 
In all cultivars, reliance on N fixation for nitrogen requirements during 
reproductive growth diminished as soil nitrogen uptake increased. 
Diurnal variation in N fixation activity in cv. Whero was measured 
at three hourly intervals over three 24 h periods, during bud formation, 
I 
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flowering and pod-filling. The optimum time for a o~e hour assay was 
. -between 1100 ~nd-1400 h NZSTi but thi~ was not constant. Extrapolation 
from a single assay to a daily N fixation total could lead to 40% error. 
There was no distinct diurnal cycle at bud formation, but at flowering 
(during drought stress), N fixation increased during the night. In con-
trast, during pod-filling, N fixatfon~ecreased during the night. This 
was attributed to insufficient carbohydrate for nodule function. Mean 
N fixation increased from the first to last cycle. 
Peas enhanced soil fertiHty when compared with cereals in all 
trials. Although water stress frequently limits pea yield in Canterbury, 
,. 
when water is adequate, avai'lable-soil nitrogen will reduce the reliance of l' 
peas on N fixation. 
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1 
INTRODUCTION 
Much physiological research has been done on peas because of their 
large viable seed, rapid germination and rapid attainment of a sufficient 
size to provide material for biochemical study. Although many over-
lapping studies--have been carried out on "experimentally easy" periods 
such as germination and early seedling development, there has been much 
less attention paid to the whole life cycle (,Pate, 1977a). In particular, 
very little research effort has been placed on field studies to assess 
both the effect of peas on soil fertility and factors which influence 
their nitrogen-fixing activity. 
Canterbury is a very important cropping area of New Zealand, and in 
the past, soil fertil ity has been maintained by clover-based pastures. 
In recent years, however, land values have risen dramatically and crops 
have frequently been more economic than traditional meat and wool product-
ion. These trends have caused an intensification of crop rotations. 
Interest has therefore been stimulated in the ability of grain legumes to 
enhance soil fertility. However, the levels of mineral nitrogen in a 
cultivated soil are higher than in pasture for two reasons. 
Cultivation stimulates mineralisation of organic nitrogen (Russell, 1973), 
and grasses compete with the legumes for combined nitrogen. These 
factors increase the reliance of pasture legumes on nitrogen fixation but 
are likely to reduce nitrogen fixation in grain legumes. Also in con-
trast to pastures, grain legumes have large, protein-rich seeds and up to 
90 per cent of total plant nitrogen can be removed in seeds (Rhodes, 
1980). Thus, even if grain legumes were to fix all of their own nitrogen, 
only a small fraction of that nitrogen may remain after harvest to enhance 
soil fertility. Peas are more normally grown on soils of high fertility 
where yields are greatest, and nitrogen fixation may be reduced by the 
ready availability of combined nitrogen. 
.... 
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In view of the importance of peas in crop rotations, the studies 
-reported here were initiated with two primary aims. The first was to 
establish the influence of peas on subsequent crop growth. Resul ts for 
2 
soils of low and medium fertility are reported in Chapters 2 and 3. The 
second aim was to identify those environmental factors which most 
influence nitrogen fixation in·field~grownpeas. At the start of the 
study, 1 ittl e was known of the factors whi ch woul d most i nfl uence nitro-
gen fixation in Canterbury. Since drought frequently reduces pea 
yields it was expected that irrigation would also stimulate nitrogen 
fixation. The addition of fertiliser nitrogen or the reduction of com-
biried nitrogen by the incorporation of straw was also likely to sig-
nificantly alter nitrogen fixation. Peas are harvested green, as vining 
peas; or at maturity. In these two systems, nitrogen fixation and nitro-
gen removal may be different. A factorial experiment was used to test 
the effect of moisture, nitrogen and harvest date treatment com-
binations on nitrogen fixation and subsequent crop growth. Results are 
presented in Chapter 3. 
The importance of drought on nitrogen fixation was highlighted in 
Chapter 3. Autumn sowing may allow peas to develop before drought 
limits yield. A trial was established to show the effect of sowing time 
and effect of changing soil moisture on nitrogen fixation in cultivars 
which had contrasting flowering patterns. Indeterminate or determinate 
flowering may-influence the timing of the-decline in nitrogen-fixing 
activity (Sinclair and de Wit, 1975, 1976). These results are presented 
in Chapter 4. 
Cultivar differences in nitrogen fixation are important because they 
may allow an understanding of the factors which reduce nitrogen fixation. 
- They also show those cultivars with the most potential for enhancement of 
soil fertility. The seasonal profiles in nitrogen fixation of eight 
cultivars were assessed and results are given in Chapter 5. 
" -
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Inadequate carbohydrate supply is frequently considered the rate-
limiting step in nitrogen fixation (Hardy and Havelka, 1976) .. Diurnal 
variation in nitrogen fixing activity allows a field assessment of the 
importance of current photosynthesis to nitrogen fixation. Three twenty-
four hour cycles were measured in Maple peas cv. Whero. 
presented in Chapter 6. 
Results are 
The discussion (Chapter 7) focusses on the importance of peas in 
crop rotations and the techniques used to measure nitrogen-fixing activity. 
Factors which are important in the control of fixation in peas are also 
discussed. 
4 
CHAPTER 1 
LITERATURE REVIEW 
1.1 INTRODUCTION 
The genus Pisum has been used by man since the Stone Age (Cole, !~61, 
cited by Pate, 1977b). The pea (Pisum sativum} commended itself to 
cultivation because the seed lacked bitter or poisonous compounds, was 
more digestible than most other legume seeds, and the growth require-
ments of the plant were suited to man's early cultivation practices 
(Pate, 1977b). Peas rank fifth in worl d grain 1 egume producti on with 
7.9 mn ha sown annually (FAO Production Yearbook, 1982) and are now 
grown in many temperate regions including the higher elevations of the 
tropics. The genus shows very consi'derabl e adaptabil tty, with a short 
growth cycle of usually 80 - 100 days (Pate, 1977b). 
In New Zealand, 24,200 ha of peas were grown in 1979/80 for harvest 
at maturity with an average yield of 2.73 t ha-1. The area sown to 
-1 garden peas was 7,000 ha with an average yield of 4.96 t ha . Canter-
bury is the most important pea growing area in New Zealand, with 
17,600 ha sown to dry peas and 1,900 ha sown for processing as green peas 
in 1979/80. Dry pea and garden pea yields in Canterbury were 2.69 and 
4.11 t ha-1 respectively (Agricultural Statistics, 1979/80, 1982). 
Eighty-four per cent of the total pea crop in New Zealand was exported 
in 1981, with a value of NZ $24.7 mn (N.Z. Official Yearbook, 1982). 
Peas fix nitrogen through a symbiotic association with Rhizobium 
leguminosarum, but the amount fixed depends on a number of factors. 
These include cultivar, crop growth, soil mineral nitrogen, s6il struct-
ure, availability of water, time of sowing, photosynthate supply to 
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nodules and Rhizobium strain (Minchin, Summerfield, Hadley, Roberts and 
Rawsthorne, 1981). The amount of nitrogen returned to the soil will be 
determined by complex interactions between the factors outlined above, 
the proportion of plant nitrogen removed in the seed, and the method of 
disposal of crop residues. 
1.2 SEASONAL DEVELOPMENT OF THE PEA CROP. 
The symbiotic development of a New Zealand Maple pea and cv. Black-
eyed Susan was detatled by Pate (1958), from research conducted in Ireland. 
In field trials where soil nitrogen was low, Pate (1958) found no evidence 
for a nitrogen hunger period after depletion of cotyledonary nitrogen, 
although, ina controlled environment, when pea seedlings relied totally 
on symbiotic nitrogen, Mahon and Child (1979) showed a short period of 
nitrogen hunger which affected subsequent growth. 
The initiation and development of nodule tissue in legumes has been 
reviewed by Torrey and Zobel (1977), Bergersen (1980), and Dazzo (1980). 
Pate (1958) found that important events in the symbiotic cycle of peas, 
such as the time of appearance of nodules, took place in a precise seq-
uence and were related to the pattern of leaf production and nitrogen 
accumulation in the host. Most of the nodules were present by the time 
of mid-vegetative growth. Nodules increased in number until the six to 
eight leaf stage, but they increased in size until mid-flowering. 
Degenerative changes in the nodule population occurred with fruit setting 
(Pate, 1958}. 
Using sloping glass panels, Salter and Drew (1965) found that root 
.growth of peas increased rapidly until initiation of flower primordia. 
Shortly afterwards, new root growth declined with a slight resurgence 
during the flat pod stage only. Sprent, Bradford and Norton '(1977) 
observed a similar cessation of root growth during pod fill in tick beans 
(Vicia faba). If root growth does decline or cease during pod fill, then 
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water supply would be crucial at that stage. 
Above-ground plant development in-peas-typically fo~~ows a sig-
moidal growth curve (Dean and Clark, 1980; Rhodes, 1980), with nitrogen 
fixation and uptake of so~l mineral nitrogen resulting in a gradual 
increase in plant nitrogen during vegetative growth (Dean and Clark, 
1980; Rhodes, 1980), Nitrogen uptake in peas is from two sources: 
from nodules which fix atmospheric nttrogen, and from roots which 
assimilate mineral nitrogen from the soil. The mineral nitrogen is 
translocated to the shoots whi-ch reduce inorganic nitrogen to ammonium 
forms of nitrogen, vi a ni trate reductase (Wa 11 ace and Pate, 1965). 
Although leaf age and position affect the-upward or downward translocation 
of nit~og,~n, Pate (J977a) concl uded that upper 1 eaves generally special-
"'" ',-, 
ise in upward translocatton to the adjacent shoot, whi'le lower leaves 
generally nourish roots. The roots, however, may constitute a major 
obstacle to the free circulation of nitrogen within the pea plant 
(Oghoghorie and Pate, 1972). 
The proportion of total plant nitrogen accumulated at flowering 
depends on cultivarand climate. Research with field pea (Pate and 
Minchi'n, 1980), white lupin (LupJ,'nus albus) (Atkins, Herridge and Pate, 
1978) and with blue lupin (Lupinus angustifolius) (Farrington, Greenwood, 
T;tmanis, Trinick and Smith, 1977) have shown low values of final plant 
nitrogen and dry matter accumulated by flowering. In contrast, indeter-
minate and determinate soybeans accumulated 58 and 78 per cent respect-
ively of their total dry weight at first flower, but an indeterminate 
soybean culti var commenced flowering two weeks before the determi nate 
cultivar (Eg1i and Leggett, 1973). However, peas grown in New Zealand 
show a reversed flowering pattern with determinate cul tivars flowering 
before indeterminate. Therefore, indeterminate cultivars may have their 
seed development limited by drought conditions at late flowering. Total 
plant nitrogen in peas increased to a maximum at maturity under conditions 
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of adequate moisture (Pate and Flinn, 1973), although Pate's (1958) 
studies, under field conditions without irrigation, showed that the field 
peas reached their maximum nitrogen content during early fruiting. The 
maximum is frequently reached before final harvest and a decline in total 
plant nitrogen with the onset of plant maturity has been observed both in 
-peas (Patej 1958; Rhodes, 1980) and in lupins (Gladstones and Loneragan, 
1975; Farrington et al., 1977; Rhodes, 1980; Burtt, 1981). Gladstones 
and Loneragan (1975) considered the 20 per cent decline which they 
measured in lupins may have resulted from translocation from plant tops 
to the soil, although Rhodes (1980) suggested leaf-fall prior to harvest 
was the major factor in peas. Nitrogen is a very mobile element, with 
66 per cent of total plant nitrogen stored in pea seeds (Pate and Flinn, 
1973) and up to 90 per cent in'lupin seeds (Rhodes, 1980). 
Pea cultivars bred for even pod maturity, may rely more heavily on 
nitrogen translocation than on uptake, for seed nitrogen supplies (Pate 
and Flinn, 1977). In contrast, nitrogen uptake and translocation in 
indeterminate Maple peas may continue to supply a large portion of seed 
nitrogen requirements during seed ftl1 i'ng. Thus the need for massive 
nitrogen translocation from leaves would De reduced (Pate and Flinn, 1973; 
Atkins et al., 1978). 
1.3 FACTORS AFFECTING NITROGEN FIXAiION IN PEAS 
1.3.1 Carbohydrate Supply 
A link between nitrogen fixation and energy supply was sug-
gested by Allison (1935) who studied a range of legumes, grown wHh 
adequate moisture and generally low levels of mineral soil nitrogen. 
In grain legumes, which produce large, protein-rich seeds, the nodulated 
roots and the seeds compete for photosynthates. As grain legume breeders 
seek to increase seed and protein yi'eld (Jermyn, 1977), an improved output 
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from the nitrogen-fixing symbiosis is required becau~e developing seeds 
sequester progressively larger proportions of the totalphotosynthate 
production (Sinclair and de Wit, 1976). These conflicting demands for 
photosynthate by the nodules and growing seeds have been studied in soy-
beans by Sinclair and de Wit (1975, 1976) who divided twenty-four legume: 
and non-legume crops·tnto·four distinct groups based on biochemical com-
position of seed (Figure 1.1). They constdered that many grain legumes 
are unable to meet seed nitrogen demand from soil nitrogen uptake and 
nitrogen fixation sources. To meet these demands, nitrogen is trans-
located from vegetaUve organs to seeds, which reduces photosynthesis and 
th~reforenitrogen ftxat;on-(Sinclair and de Witi 1975, 1976). Plants 
of this nature were termed "self-destructi've". In contrast, carbohydrate-
rich seeds of cereals, which require less nitrogen, do not cause self-
destruction, as soil nitrogen uptake is generally sufficient for seed 
nitrogen requirements. Thus the duration of seed development relies on 
a continuous uptake of nitrogen to meet the needs of the plant. Where 
this rate is low, extensive tra.nslocatton occurs with a shorter period 
of seed development and lower total yield (Sinclair and de Wit, 1976). 
If nitrogen fertiliser applied to legumes during seed filling is to cause 
an increase in seed yield, the rate of nitrogen uptake must be increased 
(Sinclair and de Wit, 1975). For the rate of uptake to be increased, 
applications of nitrogen fertiliser must be great enough to compensate 
for the reduced nitrogen fixation which occurs when nitrogen is applied 
to nodulated legumes (McAuliffe, Chamblee, Uribe-Arango and Woodhouse, 
1958; Allos a.nd Bartholomew, 1959; Hoglund, 1973; Chen and Phillips, 
1977) . 
The four biochemical groups outlined by Sinclair and de Wit 
(1975) showed the unique nature-of soybeans in their particul~rly high 
requirement for energy during seed production (Figure 1.1). Soybeans 
have between 10 (Sinclair and de Wit, 1975) and 16 (Hill, Horn and 
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Porter, 1977) times the lipid content of peas, while nitrogen contents 
were also higher in soybeans (5.6% N) cO,mpared wlth peas (3.6%N) (Hill 
et al., 1977). Thus peas, whlch have lower seed requirements for 
nitrogen and energy in the production of llpids, may be able to continue 
active nitrogen fixation when soybean nitrogen fixation would be limited 
by insufficient carbohydrate from photosynthesis. 
Much of the research WhlCh assesses the importance of 
carbohydrate supply for nodule function has been done with soybeans 
(Hardy and Havelka, 1976) which are particularly energy demanding, as 
shown in Flgure 1.1. Experiments have al so frequentl y operated under 
lower insolation than that experienced in Canterbury (Lawrie 
and Wheeler, 1973, 1974; Minchin and Pate, 1974; Huang, Boyer and 
Vanderhoef, 1975a, b; Bergersen, 1970), and this woul d further 
exacerbate inadequate carbohydra.te supply by reduCing photosynthesis. 
The initial stages of nodule development are particularly important be-
cause of the heavy demand placed on plant photosynthate for both plant 
and nodule growth. 'Minchin and Pate (1973) showed that 32 per cent of 
the net carbon gain by the shoot of young pea plants was utilised by 
nodules. Total respiration of underground organs at this stage accounted 
for 47 per cent of the net carbon gain of the shoot. From this, Pate 
(1976) considered that selection for economy in root respiration might be 
a sensible way to improve legume yield. Although the low insolation 
5 MJ m-2 day-I) 'used by Minchin and Pate may have reduced total photo-
synthate available for plant deve10pment, it is clear that nodule develop-
ment is a direct cost in terms of plant growth. This cost has been shown 
in soybeans where root growth was greater in plants which relied on 
adequate levels of fertiliser nitrogen than those that relied on fixation. 
The reduced root growth limited phosphorus uptake and the nodulated 
plants had greater phosphorus requirements (Cassman, 1979, quoted by 
Munns, 1979). Photosynthate for nitrogen fixation may be further reduced 
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by high night temperatures, which increase losses through respiration 
(Pate, 1977a). Thus the conclusions Teached for 50ybeansneed to be 
treated with caution when extrapolation is made to peas grown in Canter-
bury. 
To gain an understanding of the conflicting demands made by 
nodules and seeds~grain legumes need to be studied in the context of 
hormonal, genetic and nutritional responses during the growth of the 
plant. At present, little is known about the hormonal relationship 
between nodules and plants, although the work of Peat, Minchin, Jeffcoat 
and Summerfield (1980) indicated a positive effect of hormones, originat-
ing from flower buds, on nttrogen fixaUon. Further efforts need to be 
made in legume breedtng so that improvements are made in the ability of 
grain legumes to fix nitrogen under drought conditions and in the high 
ferti 1 ity soil s where they are frequentl y grown (Oram and Brock, 1972; 
Jermyn, 1977; Gridley and Evans, 1979; Gibson, 1980). 
The energy costs of nitrogen fixation have received consid-
erable attention in recent reviews (Pate and Flinn, 1977; Pate and Min-
chin, 1980; . Gifford and E~ansJ 1981; Pate, Atkins and Rainbird, 1981). 
Minchin et ai. (1981) considered that although quantitative estimates 
of the relationships between carbon and nitrogen are most informative, 
indirect evidence based on manipulations of the plant or its environment 
provide insight into the competitive restraints under which the nodules 
function, and of their potential when relieved of these restraints. 
There are many reports of manipulations which have reduced 
photosynthesis and nitrogen fixation of grain legumes, such as reductions 
in light or by defoliaUon (Lawrie and Wheeler, 1973; Lawn and Brun, 
1974a; Bethlenfalvay and Phillips, 1977; Bethlenfalvay, Abu Shakra and 
. -Fishbeck,1978; Schweitzer and Harper, 1980; Sheikholeslam, Fishbeck 
and Phillips, 1980). Nitrogen fixation is frequently increased when 
treatments are imposed which increase photosynthesis (Figure 1.2). 
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These may include increased light or carbon dioxide, or the grafting of a 
second shoot onto a root (Quebedeaux and Hardy, 1973; Streeter, 1973; 
Lawn and Brun, 1974; Hardy and Havelka, 1976; Sheikholeslam et al., 
1980). The principal short-term effect of a greater carbon supply on 
nitrogen fixation in grain legumes is to increase nitrogen fixation effic-
iency. ·In the longer term,;ncreases in -nodule mass per plant, the rate 
of growth of nodules and a later onset of nodule senescence, are more 
important (Minchin et al., 1981). The effects of supplementary carbon 
dioxide on nitrogen fixation and growth of grain legumes vary with con-
centration, and growth condittons (Minchin et al., 1981). Phillips, 
Newell, Hassall -and Felling (1976) showed that long-term carbon dioxide 
enrichment of peas increased growth when grown atan insolation of 5.5 MJ 
-2 -1 m day Short-term respon'ses to carbon dioxide enrichment were also 
observed. However, this may have resulted from increased photosynthate 
supplies, or from additional carbon skeletons supplied, which may have 
been used to remove inhibitory levels of nitrogen compounds from the 
nodules. The first explanation is more likely at the low insolation 
levels used in their experiment. 
There are also reports of increased nitrogen fixation after 
reproductive portions of peas have been removed (Roponen and Virtanen, 
1968; Lawrie and Wheeler, 1974), although the removal of fruits has also 
been shown to decrease nitrogen fixation, at least initially (Hardy, 
Holsten, Jackson and Burns, 1968; Bethlenfalvay et aJ., 1978a; Peat 
et al., 1980). The removal of reproductive sinks stimulates rapid 
vegetative growth (Roponen and Virtanen, 1968) and thus the demand for 
nitrogen may alsO be increased. Plant responses to these treatments 
will therefore influence the observed changes in nitrogen fixation. 
The physi cal damage caused by trea tmen ts suc h as depoddi ng 
may cause structural and hormonal changes in the plants (Lawrie and 
Wheeler, 1974). Minchin et ala (1981) noted that manipulations are 
~-. l,_, " --"., ~_, - -, • 
. - . -
. - - -~-
14 
frequently done in controlled environments and often fail to produce 
·plants which resemble their counterparts in the field. This limits the 
usefulness of conclusions from these experiments. Cl early, such 
manipulation studies are complicated by endogenous control mechanisms 
which allow the magnitude of ni-trogen fixation to reflect, if not always 
to meet, the demands ofthe.hostplant(Mtnchin et a1., 1981). 
Flinn (1974) studied the regulatory nature of the relation-
ship between leaves and the adjacent fruit in peas. Leaflet photo-
synthesis-rose and fell in response to changing demand for assimilate by 
the developing pods and peas. Pate and Flinn (1977) concluded that in 
geheral, leaves-do-notcontinuously operate at the peak photosynthetic 
rates of which they are capable, but are constrained by factors which 
have in turn lnfluenced the size and activity of the sink regions which 
they supply. These factors are most likely hormonal rather than caused 
by a carbohydrate build-up in leaves which could reduce photosynthesis 
(Pate and Flinn, 1977). 
L3~1.1 Hydrogen Evolution: Ttleoret i'c a 1 estimates of the 
cost of nitrogen fixation in terms of energy (ATP) utilisation are com-
plicated by the ATP-dependent evolution of hydrogen, catalysed by nitrogen-
ase (Schubert and Ryle, 1980). During catalysis by nitrogenase, protons 
and nitrogen compete for el ectrons (Dixon, 1968). A survey by Schubert 
and Evans (1976) of nodulated legumes and non-leguminous nitrogen-fixing 
plants showed that in air, 40 - 60 per cent of the total electron flux 
available for the reduction of atmospheric nitrogen, by either excised 
nodules or intact nodulated plants, was utilised in the production of 
hydrogen gas. They demonstrated considerable differences in hydrogen 
evolution among legume species and used a term "relative efficiency", 
which expressed the electrons used to produce hydrogen as a proportion of 
the total electron flow through nitrogenase. Estimates were made in air 
.-
,'-., -,:.".-, ~, ,', ,'.~ 
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where electrons passed to protons and to nitrogen. 
nitrogen, all electrons passed-to hydrogen so that: 
In argon, instead of 
.H2 (in air) Relative Efficiency = 1 - H2 (in argon) 
The fact that no hydrogen was produced when pl ants were incubated with 
saturating levels of acetylene,allowed the relative efficiency to be 
calculated by: 
. . . - H2 -(in air) 
Relative Effl.clency = l- c H (in argon) 2 4 
Relative efficiencies were governed by ATP concentration, pH, and sub-
strate concentration (Hwang and Burris, 1972; Dixon, 1975). 
The theoretical relationship between acetylene reduction and 
nitrogen fixation resulted from two electrons being used to reduce 
acetylene to ethylene, and six to reduce nitrogen to amTonia, i.e. three 
acetylene molecules are equivalent to one di-nitrogen molecule (Sprent, 
1979)~ Wide variations from this theoretical relationship have been 
'I found (Bergersen, 1970), and hydrogen evol ution can have a dominant 
effect. Water stress (Minchin and Pate, 1975) and combined nitrogen 
(Oghoghorie and Pate, 1971) may also cause a departure from the theoreti-
cal value of 3:1. 
- Although theoretically hydrogen evolution could significantly 
reduce nitrogen fixation, the presence of hydrogenase in some cultivar: 
Rhizobium combinations allows the re-utilisation of the hydrogen produced 
(Schubert and Evans, 1976). Dixon (1975) suggested several possible 
functions of hydrogenase: 
--a)-to-preventthe-build-upof inhibitory concentrations of 
hydrogen in nodules; 
b) to protect nitrogenase from oxygen inactivation; 
c) to metabolise the hydrogen evolved during nitrogen 
reduction and so to conserve a portion of the otherwise wasted energy. 
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If photosynthate supply to nodules is a major limiting factor 
for legume nitrogen fixation, then the recycling of hydrogen via hydrogen-
ase may lessen the demand of nodules for photosynthate, and thus increase 
dry matter production. Schubert, Jennings and Evans (1978) compared the 
yield and efficiency of nitrogen fixation by soybean and cowpea plants 
withnodules which recycled hydrogen, and those which lacked an active 
hydrogenase and therefore evolved the hydrogen produced during nitrogen 
f;~ation. They observed a small increase in the efficiency of nitrogen 
fixation by a cultivar nodulated with a Rhizobium strain capable of 
re-utiltsing hydrogen. As they conceded, however, conclusive evidence of 
the role of the hydrogen recycli'ng process in nitrogen-fixing efficiency 
required comparisons with strains that are genetically identical, with the 
exception of the presence or absence of hydrogenase. 
From the precedtng discussion, it appears that when photo-
synthate supply limits nitrogen fixation the relative efficiency of the 
symbiotic system becomes an increasingly important 1 imit for dry matter 
production. However, when Gibson (1978) studied eight legumes, each 
inoculated with varying Rhizobium strains, he found a negative correlation 
between relative efficiency and dry weight, which was completely contrary 
to that expected by Schubert et al. (1978). Hydrogen evolution was 
positively and significantly correlated with plant size and total plant 
nitrogen. Similar trends were observed in subterraneum clover (Tri-
folium subterraneum), white clover (Trifolium repens), peas, tick beans 
.and blue lupins. Soybeans, from three to seven weeks after inoculation, 
showed that relative efficiency increased with time in all symbiotic 
combinations (Gibson, 1978). Similar trends have been observed in peas 
and common beans (Phaseolus vulgaris) (Bethlenfalvay and Phillips, 1977a). 
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Relative efficiency also increased with reduced light intensity 
(Bethlenfalvay and Phillips, 1977b; Gibson, 1978)'-nitrate fertiliser 
applications (Gibson, 1978) and was greatest during the night in sub-
terraneum clover (Gibson, 1978). The experiments of Gibson (1978) and 
Bethlenfa1vay and Phillips (1977a, b) indicate that hydrogen evolution 
relative.to.acetylene reduction is greatest under conditions of maximum 
photosynthate supply. Thus hydrogen evolutton may be a result of 
"spill-over" respiratton - i.e., energy is produced that cannot be used 
in nitrogen fixation, and so hydrogen evolution is the easiest means of 
getting rid of this excess energy (Gibson, 1978; Lt, Chin, Zhao, Zhang 
and Zhou, 1980). 
1,3.1.2: Diurnal ·Cycles: The advent of the acetylene 
reduction technique has allowed numerous studies of diurnal fluctuations 
in nitrogen fixation, but Minchin et ale (1981) note the considerable 
confusion in the data now available. Fixa,tion activities have been 
expressed in different units, and tecnniques and growth conditions have 
varied widely. A 'typical" diurna1 proftle of nitrogen fixation shows 
a daytime peak foll owed by a declining rate at night (Minchin et al., 
1981). This is generally taken to indicate that nitrogen fixation 
relies on current photosynthesis (e,g. Bergersen, 1970; Hardy and 
Havelka, 1976; Chunderova and Alisova, 1979), although data on the cur-
rent ra tes ofphotosynthesi s, below-ground respiration and on sol ubl e 
carbohydrate concentrations in roots and nodules are consistently lacking 
(Minchin et al., 1981). 
Storage compounds such as glycogen and poly-B-hydroxybutyric 
acid in bacteroids may represent up to 50 per cent of the dry weight of 
soybean nodules (Rawsthorne, Minchin, Summerfield and Cookson" 1980). 
These compounds may be used to support nitrogen fixation during periods 
of darkness. The large tap-root of lupins appears to be capable of 
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buffering the nodule system against carbohydrate deficiency during the 
night (TrinfcK, Dilworth and Grounds, 1976). These buffering compounds 
may explain the frequent reports of night-time peaks in activity, while 
other patterns suggest the over-riding effects of one environmental 
factor or another {Minchin et ai., 1981}. Clearly, differences in 
plant-morphology and phenology (Halliday, 1976, quoted in Minchin et aI., 
1981; Ayanaba and Lawson, 1977} , variaUons in light intensity 
(Shetkholeslam et ai., 1980), air and soil temperatures (Minchin and 
Pate, 1974; Chunderova and Alisova, 1979) are important factors in 
determining the diurnal patterns of nitrogen fixation (Minchin et ai., 
1981). Temperature may be particularly important as Chunderova and 
Alisova (1979) showed in peas, where fixatton closely followed temperat-
urechanges in diurnal cycles, up to a maximum of 32 0C. This is a 
considerably higher temperature than that normally considered optimum for 
pea growth and nitrogen fixation. In Minchin and Pate~s (1974) study, 
the effect of two environments on nitrogen fi'xation were assessed in peas, 
e -2 -1) 0 each with a 12 h day 5.5 MJ m day • The first was at 18 C con-
timlOusly, whereas the other was at 180 C dudng the day and at 120C during 
the night. In the constant temperature, fixation was higher during the 
day, but in the changing environment, slightly less nitrogen was fixed 
during the day than during the night. Although during the night similar 
amounts of carbohydrate were available for fixation, the cooler environ-
ment allowed more efficient use of this carbohydrate. An important 
practical application of this study was made by Pate (1976). The 
apparent efficiency of consumption of translocate in nitrogen fixation 
during the photoperiod (13.6 mg carbohydrate mg N fixed-I) was consider-
ably less than at night (5.3 mg carbohydrate mg N fixed-I), Thus, if 
carbohydrate ~u~ply allows fixation during the night, the efficiency of 
use will be greater. In the Canterbury environment, nights are often 
cool and with the long summer days, optimum conditions for fixation may 
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exist. 
APPtopriate agronomic studies could elutidate factors which 
influence carbohydrate supply, and their relationship with nitrogen 
fixation in peas. Nitrogen demand by pods and peas of determinate 
cultivars will be greater than those of indeterminate cultivars which 
fill pods over a longer period. When photosynthate supply is below 
optimum for both pod fill and nHrogen fixation, an indeterminate 
flowering pattern may confer significant benefits on the seasonal pattern 
of nitrogen fixation, due to a longer period of pod filling. With an 
indeterminate flowering habit, seed nitrogen. demands may be able to be 
met 1 arge 1 y from -current nitrogen fixati on and soll nitrogen uptake, and 
leaf nitrogen would not need to be translocated to the developing fruits. 
Thus, photosynthesi sand nitrog'en fixation woul d continue at hi gh rates, 
at a time when determinate culttvars had entered the tself destruct' 
cycl e. 
1.3.2 Combined Nitrogen 
Nodule formation in gr~in legumes is depressed in the pres-
ence of combined nitrogen, particularly nitrate nitrogen (Dixon, 1969~ 
Munns, 1977). In his review, Pate (1977a) considered that nodule initiat-
ion in peas is less sensitive to high levels of nitrate supply than is 
the nodulation of many other herbaceous legumes. Even so, nitrate reduces 
root h~ir curling in peas, and thus nodule numbers are reduced compared 
with those grown without combined nitrogen. A direct effect of nitrate 
on pea root hairs was shown when only one part of a divided root system 
.was exposed to nitrate and in on1y that part was nodulation reduced (Gaumann, 
Jaag and Roth, 1945, quoted byVirtanen and Mietten, 1963). The effect 
of varying levels of nitrate on nodule size and number have been assessed 
for the field pea (Oghoghorie and Pate, 1971). All plants in their study 
. ,'. ," '_.'--
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were inoculated at sowing and grown for one week in nitrogen-free culture 
solution (p-J:6.5). Thereafter,- plants received a range of nitrate nitro-
gen up to 315 ppm N in the culture solution. Red nodule numbers were 
reduced by approximately 40 per cent, and nodule size was reduced by approxi-
mately 70 per cent, in the range from 0 to 315 ppm N, 28 days after sowing. 
Nodule numbers inthis .experiment may .have been affected more severely by 
the nitrate if a direct inhibitory effect of nitrate on root hair curling 
is important. It is possible that the peas in this study had initiated 
nodules before the nitrate treatments were applied, as Lie (1969) showed 
that pea seedlings may develop nodule initials within six days of inoculat-
ion'with R.leguminosarum;;- Although the degree of inhibition on nodule 
formation and nitrogen fixation by combined nitrogen is open to question in 
field-grown peas, it is clear that nitrogen fixation is reduced by high 
levels of nitrate. In contrast at low levels of added nitrogen, nitrogen-
fixing activity may be stimulated. Studies by Allos and Bartholomew (1959), 
Oghoghorie and Pate (1971) and Hoglund (1973) have shown that nitrogen 
fixation and plant nitrogen uptake were increased by low levels of combined 
nitrogen in a range of legumes.' The initial peak in nitrogen yield (Fig-
ure 1.3) which resulted from the addition of combined nitrogen, was depend-
ent on that nitrogen being added to the nitrogen demand of the host. The 
stimulation in growth may increase nitrogen-fixing activity in peas as shown 
by Oghoghorie and Pate (Figure 1.'3). However, further additions of combined 
nitrogen actively suppressed nitrogen fixation at a level of combined nitro-
gen supply which was inadequate for the nitrogen demands of the host. 
Further increases in nitrogen supply allowed growth to increase over and 
above the initial peak. 
When nodulated pea plants are exposed to combined nitrogen, 
-extremely active nitrate reductases develop in all of their tissues (Wal-
lace and Pate, 1965). These reductases allow growth on high levels of 
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combined nitrogen to be somewhat superior to that on any known associat-
ion with Rhizobium (Oghogorie,1971, quoted by Oghoghorie and Pate, 
1971) . In his review, Gibson (1977) concluded that effects of combined 
nitrogen under field conditions are not fully understood. It is 
important to understand the process of mineralisation of organic nitrogen 
and its changes wi.th soil depth, .organtc matter and climatic changes. 
Figure 1.4 shows the marked tncrease in mineral nitrogen levels Hart 
(1978) recorded during late spring and early summer in the Canterbury 
environment. These results were obtained from a Templeton silt loam 
soil at Lincoln, which had a pH of 5.5, per cent C and N of 4.5 and 0.24 
re'speGtively between 0 and 20 cm. son pH increased with depth, but 
per cent C, Nand C:N ratios decreased with increasing depth. Both 
fallow and wheat treatments were established in cultivated plots. 
-2 During spring and summer, ammonium levels were always less than 1.5 g m 
between 0 and 80 cm. Thus nitrate nitrogen was the most important 
component of total mineral nitrogen (Figure 1.4), and most of this was 
concentrated in the top 40 em. The proportion at each sampling depth, 
however,was variable and associated with both rainfall, and plant nitrogen 
uptake where wheat plants grew. Other studies in New Zealand (Tham, 
1971; Hoglund and Brock, 1978; Quah, 1980) and Australia (Simpson, 
1962) have shown similar increases in mineral nitrogen levels during the 
late spring and summer periods. It is therefore likely spring crops 
such as peas experience increased levels of available mineral nitrogen 
during their growth in t.his locality. Peas are frequently grown after 
pasture where organic nitrogen levels are high and mineralisation of this 
would be adequate for plant nitrogen demands. In contrast, nitrogen 
mineralisation is reduced on soils where fertility has been depleted by 
. intensive cropping. Under these conditions peas would have to rely 
more on nitrogen fixation than ~n mineral nitrogen. Rhodes (1980) grew 
peas on a fertility depleted soil where per cent C (0 - 15 cm) was 2.3 
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and mineral nitrogen on fallow plots (0 - 20 cm) was 0.7 and 0.5 g N ~-2 
in late spring and late summer respectively. Peas fixed approximately 
100 per cent of their nitrogen in these conditions. Nodulation was 
depressed in the range of grain legumes studied by Dean and Clark (1980), 
-1 
when 20 kg N ha were applied as ammonium nitrate. Allos and 
-.Bartholomew·(1959) concluded that the capacity to fix nitrogen from the 
atmosphere is related to factors whi.ch are closely correlated with plant 
growth and that legumes use nitrogen preferentially from the soil, nitro-
gen fixation occurring only when the sotl supply is inadequate. 
Field-grown peas rarely respond to nitrogen fertiliser 
(M'ulder, 1948; Pate, 1977a), and th.us nitrogen from symbiosis or that 
mineral ised from soil organic matter or both are able to supply require-
ments. Studies in Canterbury'have also shown nil or only small yield 
increases to nitrogen fertiliser in grain legumes (Quah, 1980; Newton, 
1980). The proportions of plant nitrogen which come from the soil or 
from fixation are frequently difficult to assess. Virtanen and Hausen 
(1952) attempted to show these proportions, by making use of the observat-
ion that ineffective nodules, once formed, block the formation of effect-
ive nodules in peas. Thus, differences in nitrogen uptake of peas pre-
inoculated with effective or ineffective strains of Rhizobium, grown in 
pots with soil contaminated with resident rhizobia, could show the pro-
portion of plant nitrogen which came from fixation. Their results sug-
gested that the peas obtained approximately 67 per cent of the nitrogen 
from the symbiosis. The total amount of plant-available nitrogen in the ~ 
pots used by these workers is not known, and therefore this percentage 
cannot be accepted as necessarily being the proportion for field-grown 
peas where mineral nitrogen supply may be greater. The technique could 
. be extended to field-grown peas, however, and in those circumstances it 
would be a useful assay of total nitrogen fixation. The assumption that 
an ineffective Rhizobium strain would block the formation of nodules by 
i :.'. 
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effective strains would require further validation as Russell (1973) noted 
that a legume root can carry nodules formed by several Rhizobium strains. 
Combined nitrogen may reduce nitrogen fixation by reductions 
in root carbon reserves through stimulation of nitrogen reductase in shoots 
and roots (Small and Leonard, 1969; Pate, 1976). 
1.3.3 Incorporation of Straw 
The addition of straw to the soil causes changes to a number 
of soil properties which in turn may affect nitrogen fixation by legumes. 
D~ringthe ~eGompositionof straw, carbon dioxide is produced, inorganic 
nitrogen is immobilised, microbial activity is stimulated, soil aeration 
is enhanced and bulk density is decreased (Williams and Cooke, 1961; 
Russell, 1973; Ham, 1978; Shivashankar and Vlassak, 1978; Waddington, 
1978). Cereal residues are frequently burnt after harvest. This helps 
to kill weed seeds and reduce disease and pest carry-over to subsequent 
crops. While the wide-scale incorporation of straw would thus have some 
beneficial effects on soil structure and organic matter levels, it could 
also increase weed, disease and pest problems in subsequent crops. 
In compacted soils, straw incorporation may benefit nitrogen 
fixation because of increased aeration. In solution culture, Virtanen and 
Hausen (1936) showed that pea nodules, per se, have a direct requirement 
for oxygen. It seems that peas have a greater requirement than a number 
of other crops (oats, potato and tulip) (Wiersum, 1979), and thus the 
increased aeration following straw incorporation may particularly enhance 
root development and nodulation of peas. The shallow rooting which is 
caused by poor soil aeration can restrict the uptake of nutrients. In 
~iersum's experiments, phosphorus and potassium were more severely 
restricted than either calcium or nitrate. . The-stimulation of micro-
organism activity (Russell, 1973) is also likely to increase Rhizobium 
'-.,', 
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numbers (Shivashankar and V1assak, 1978) by providing a suitable substrate 
for proliferation. Thus nodule numbers may be increased. 
Carbon dioxide applied in a partially enclosed soybean canopy 
is known to increase nitrogen fixation and growth (Hardy and Havelka, 1973; 
Shivashankar, V1assak and Livens, 1976a, b; Shivashankar and V1assak, 
1978), but in a field situation, carbon dioxide produced during ,the decom-
\ 
position of straw is not likely to enhance photosynthesis. Russell (1973) 
considered that although the rate of carbon dioxide production is increased 
by the incorporation of organic matter, the air space in the soil and hence 
the rate of diffusion of carbon dixoide into the atmosphere is also 
increased. 
The reduced availability of combined nitrogen after the 
incorporation of organic matter which has a high C:N ratio, is frequently 
held responsible for increased nitrogen fixation by legumes (Pinck, 
Allison and Gaddy, 1946; Weber, 1966a; Kohl, Shearer and Harper, 1980). 
Many workers (e.g. Thornton, 1929; Hardy and Havelka, 1973; Waters, 
Graham, Breen, Mack and'Rosas, 1980) have detailed the effects of organic 
substances on nitrogen fixation. There is a need, however, for studies 
which relate both the effect of straw on the availability of combined 
nitrogen over time, and its effect on nitrogen fixation. 
The type of straw used may be important, although this is fre-
quently not mentioned. Rice hulls as a surface mulch have benefited nitro-
gen fixation in common bean (Waters et al., 1980), although rice straw in-
hibited growth of R. leguminosarum and R. japonicum (Rice, Lin and Huang, 1981). 
1.3.4 Rhizobium 
The development of an effective symbiosis between R. 
leguminosarum and host p1 ants is very important if nitrogen fi,xation in 
peas is to be maximised. Reviews by Vincent (1970), Bergersen (1978), 
Vincent (1980) and Minchin et al. (1981) have discussed the study of 
.. -:., .... '_ .. -..... . 
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root nodule bacteria; infection and nodule development; genetic 
factors controlling· the symbiosis, andeffidency of carbon-usage by 
Rhizobium strains. In New Zealand, peas form effective nodules very 
readily with resident rhizobia and crop yields are often greater than 
4 t ha-l without inoculation (White and Anderson, 1971; Falloon and 
White, 1978; Wilson, Hanson and Jermyn, 1981; White, Sheath and 
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Meijer, 1982). Although a yield increase of 81 per cent after inoculat-
ion in peas has been obtained in Australia on a low fertility soil 
(0 - 10 cm ~ 0.05% NJ which lacked resident rhizobia (Evans, pers. 
comm.), it is unlikely that similar increases would be obtained here. 
Th'is is because in-Canterbury,- uninoculated peas form effective nodules 
a few days after emergence in the spring. Lie (1969) also observed 
nodule initiaitononly six days after inoculation. Fully adapted resid-
ent strains of rhizobia in the soil are likely to be more competitive and 
numerous than introduced strains (Johnston and Beringer, 1976), and thus 
these resident strains would be likely to form the majority of the pea 
nodules. In tick beans, Candlish and Clark (1975) found no difference 
between ethylene production of pl ants nodul ated with 'wild type I and those 
with commerdal Rhizobium strains, although Dean and Clark (1979) showed 
increased ethylene production and nodulation but no increase in dry matter 
from inoculation with selected Rhizobium strains. 
Effective Rhizobium strains form few, large nodules on upper 
regions of the main root axis in peas (Pate, 1977a), and uninoculated peas 
in Canterbury generally show this type of nodulation. However, substant-
ial differences exist between the amount of nodule tissue formed by 
individual Rhizobium strains even when these strains prove equally effect-
. ive in nitrogen fixation (Pate, 1977a), while conversely cultivars may 
~xhibi~ substantial differences in efficiency of nitrogen fixation when 
inoculated with the same Rhizbbium strain (Pate, 1977a). ~1ahon's (1979) 
studies failed to show that Rhizobium induced differences in carbon usage 
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during nitrogen fixation, but some strains of Rhizobium (Bethlenfalvay, 
····Abu-Shakraand·Philli ps, 1978b) exhi oi ted improved ni trogen fixation, and 
induced greater photosynthetic efficiency in host plants when grown in a 
constant environment. The fifteen Rhizobium strains used by de Jong and 
Phillips (1981) produced pea plants with different rates of nitrogen-
fixing activity and total nitrogen content at the same morphological stage 
ofdeve 1 opment. Nitrogen fixation interacted with leaf photosynthetic 
efficiency and plant growth in a manner that was dependent on the allocat-
ion of symbiotically-fixed nitrogen. 
Evaluation of Rhizobium:cultivar interactions must be finally 
don"e ;n the field,·and improvements in nitrogen "fixation ar~ more likely 
when selection is made in both Rhizobium and host (El-Sherbeeny, Lawes and 
My tton, 1977; "Sprent, 1979). "Although the acetylene reduction assay 
can give a useful initial evaluation (Boonkerd, Bezdicek and Weber, 1978), 
isotopic techniques will be more reliable, as hydrogen evolution does not 
confound the results, while indirect measurements such as nodule mass or 
number may have little correlation with the actual nitrogen fixation. 
Mhen an effectivs strain has been isolated, various methods 
of inoculation are available (Vincent, 1970; Dean and Clark, 1979) and 
single inocula have been found to be more effective than multiple ones 
(Clark, 1980). Inoculation procedures aim to maximise the preferred 
rhizobia in the rhizosphere to give introduced strains a competitive 
advantage over res ident 's trains (Bergersen, 1978). Once formed, nodul es 
may actively prevent new nodule formation (Pate, 1977a) and in the long-
term, rhizobia survival in the soil is of paramount importance for annual 
crops (Johnston and Beringer, 1976; Roughley, Blowes and Herridge, 1976). 
R. japonicum strains have survived ten years without soybean crops 
(Elkins,' Hamilton; Chan, Briskovich and Vandeventer, 1976), and. individual 
. strains show varying environmental preferences (Mahler and Bezdicek, 1980). 
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The mineral nutrition of rhizobia is particularly affected 
by pH, and changes in pH have two main effects. Firstly, the availabil-
ity of micro-nutrients is generally enhanced with increasing acidity; 
with the exception of Mo (Russell, 1973). In the second instance, pro-
cesses of nodule formation may be di'rectly retarded by acid conditions. 
Lie (1969) showed for peas that a pH of less than 5.0 caused nodule fail-
ure in peas, although one Rhizobium strain tested formed nodules and 
fixed nitrogen at pH 4.6. Rhizobium strains per se were not directly 
inhibited by low pH. Instead, Lie considered that early stages of 
nodule development, possibly after root hai'r infection, were particularly 
acid sensitive. In peas, the overall requirements of the symbiosis have 
been shown to be ten times as sensitive to acid conditions than either 
root or bacterial ~rowth alone (Evans, Lewin and Vella, 1980). Coat-
i:ngs on pea roots change with soil acidity. Lie (l969) observed that 
roots growing in a neutral soil solution and inoculated with Rhizobium 
were covered with a slime layer or bacterial cells which resembled a 
rhizosphere. In acid conditions, however, only a thin slime layer was 
present. This layer may protect roots from the injurious effects of 
H-ions (Lie, 1969). 
Nodules are rich in Mo, Co, Fe, Zn, p, Sand N (Munns, 1977). 
Deficiencies of Mo, Co and B are particularly serious as they are import-
ant for nodule function. Molybdenum is a component of nitrogenase, and 
its importance for nodule function in peas has been shown by Mulder (1948). 
In New Zealand, many soils are deficient in this nutrient (During, 1972). 
Although liming increases the availability of Mo, the misdiagnosis of Mo 
deficiency as an acidity problem has in the past led to inflated estimates 
of the lime requirements of legumes (Munns, 1979). Cobalt is an important 
component of cobamide co-enzymes which are needed for rhizobia functions 
(Munns, 1977). Symptoms of born deficiency in peas are similar to nitro-
gen deficiency symptoms, but Mulder (1948) showed that the boron require-
"--:,-
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ment of the growing leaves and stems in general is greater than that of 
the nodules. When the growth medium was-totally boron-deficient, how-
ever, nodule formation was more affected than tops. Iron is an import-
ant component of leghaemoglobin. It facilitates oxygen diffusion to 
support vigorous respiration while protecting the oxygen-sensitive 
- nitrogenase -system.-Nodule requirements for Fe are small in comparison 
to whole plant requirements (Munns, 1979) as are the requirements for P 
and S. If growth of the roots and tops is not limited by inadequate P 
and S, then there will be sufficient of these nutrients for the nodule 
requirements. 
Deficiencies orMo and Co cause nodule failure, by preventing 
essential enzyme formation. By contrast , Zndeficiency primari ly 1 imits 
pea growth (Muldei, 1948). Si~ilarly, deficiencies of Fe, Mn and Cu 
produce symptoms unrelated to nitrogen deficiency and are not known to be 
corrected by supplying co~binednitrogen (Munns, 1977). 
In conclusion, it seems that in Canterbury improved nitrogen 
fixation is unlikely to occur because of altered Rhizobium strains, par-
ticularly because of the competitive ability and survival of local 
strains. There is scope, however, for enhancement of nitrogen fixation 
with the present Rhizobium, by adjusting agronomic practices to optimise 
nitrogen fixation. 
1.3.5 Water 
Water supply has a major effect on legume nodulation and 
nitrogen fixation, both of which are reduced in stress conditions 
. (Sprent, 1971). In Canterbury, grain legume yield is frequently limited 
by drought (Anderson, 1971; Anderson and White, 1974; Stoker, 1975, 
1978; White et ai., 1982), but there are no reports which detail effects 
of drought on nitrogen fixation. Legumes use various mechanisms to 
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escape, withstand or recover from drought (Turner, 1979). Rapid 
phenologic development (Fischer and Turner, 1978) may allow the legumes 
to escape the usual effects of drought, and this may be manipulated by 
time of sowing and by the use of indeterminate cultivars (Elston and 
Bunting, 1980; Shibles, 1980} which allow developmental plasticity 
(Turner, 1979). Peas chosen for rapid development will have less time 
in which to fix nitrogen. 
Conventional peas are not specially adapted to withstand 
drought (Maurer, Ormrod and Fletcher, 1968; Miller, Manning and Teare, 
1977). Semi-leafless peas, however, may show enhanced water use effic-
iency and thus ability to yield well under dry conditions (Snoad, 1980, 
1981) but recent studies in Canterbury showed only small advantages in 
water use efficiency of these peas . (Wil son, Hanson and Jermyn, 1981). 
Some success, however, has been achieved in breeding both for increased 
rooting depth in soybeans (Taylor and Klepper, 1978) and for stomatal con-
trol to minimise water loss during drought (Turner, Begg, Rawson, English 
and Hearn, 1978; Turner, 1979). Grain legumes also differ in their 
depth of water extraction, and ability to reduce soil water potential 
(Lawn, 1982b). In response to changing soil moisture, legumes are also 
able to change the proportion of total nitrogen fixation which occurs at 
different depths in the soil profile. Hoglund and Brock (1978) showed 
that the proportion of nitrogen fixation in a white clover pasture occur-
ring in the top 75 mm soil horizon was 90 per cent in winter and 10 per 
cent under dry summer conditions. Identification of pea cultivars which 
can use some or all of the above mechanisms to tolerate or avoid drought 
will enable maximum production and nitrogen fixation. 
Drought affects plant growth in a number of inter-related 
ways and these will directly or indirectly affect nitrogen fixation. 
As drought increases, photosynthesis decreases (Beardshell, Mitchell and 
Thomas, 1973; Huang, Boyer and Vanderhoef, 1975b) and these effects could 
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arise from changes in stomatal resistance, reduced leaf area (Sivakumar 
and Shaw; 1978a, b) and/or interrtal v~riables (Elston and Bunting, 1980). 
Drought increased leaf death in Vicia faba (Elston and Bunting, 1980), 
and reduced translocation of nutrients from older leaves to the seed in 
lupins (Hocking, 1982). Finally, drought decreases biomass yield and 
..... often reduces- harvest index (Fi'scherand Turner, 1978). 
1.3.5.1 Effects of Drought on Nodul e Function: Drought reduces 
rhizobia survival in the soil (Foulds, 1971). limits their movement and 
reduces root hair infection which tn turn limits nodule formation 
. (W'orrallandRoughley, 1976). Water stress occurs in nodules when the 
root system cannot supply suffic;entwater to maintain nodule turgidity. 
This reduces nitrogen fixation ~ndprevents the export of products of 
fixation (Sprent, 1976a). Minchin and Pate (1973) calculated that 
nodules required 0.35 ml of water for the transport of each mg of fixed N 
to the host via the xylem, and they estimated that the flow of water to 
the nodule in the phloem would not be sufficient. When soils are moist, 
further water supply could occur via direct water uptake in the nodules, 
although Minchin and Pate (1973) considered that nodule surfaces are more 
adapted to gas than water exchange. For the nodules used by Minchin and 
Pate (1973), Pate (1976) calculated the nodule water requirements would 
have been met from the phloem (20%), surface intake (13%) and the remaining 
67 per cent from root water uptake. For optimum nodule function and 
nitrogen fixation rates, soils need to be near field capacity (Sprent, 
1972c), but not subject to waterlogging (Minchin and Pate, 1975). When 
soil moisture deviates from the optimum, nitrogen fixation is reduced in 
most legume species, e.g. cowpea (Zablotowicz, Focht and Cannell, 1981), 
tick bean· (Sprent and Bradford, 1977; Gallacher and Sprent, 1978), common 
bean (Sprent. 1976), pea (Masefield, 1968; Minchin and Pate, 1975), soy-
bean (Pankhurst and Sprent, 1975; Sprent, 1975, 1976a, b; Adjei-Twum and 
Splittstoesser, 1976) and in white clover (Engin and Sprent, 1973; 
Hoglund and Brock, 1978). 
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When water loss from nodules is not more than 20 per cent 
of the maximum fresh weight, effects of water stress are reversible 
(Sprent, 1971a), but Sprent (l971b) showed irreversible damage in soy-
bean-nodul es from se-vere drought. Less severe drought stress directly 
reduced bacteroid activity (Sprent, 1976) while Pankhurst and Sprent 
(1975) showed that resi'stance to oxygen diffusion increased in stressed 
soybean nodules. The soil. surface is frequently drier than deeper 
layers, and nodules in the surface zone may maintain nitrogen fixation 
from-water supplied via the-:xylem (Sprent, 1972c; Hume, Criswell and 
Stevenson, 1976; Farrington et a1., 1977). 
Pate (1976) considered that where water stress is sufficient 
to cause wilting of lower leaves. photosynthesis is likely to be 
arrested. Because these leaves are the main providers of carbon to the 
nodules (Pate, 1966), it is possible that the first reduction in nitrogen 
fixation during drought will be caused by reduced assimilate supply to 
the nodules. Drought may alsoeause reduced transpiration and thus pro-
duce a build-up of fixation. products (Minchin and Pate, 1974). These 
workers showed that fixation products accumulated in nodules at night 
when water loss from shoots was at a minimum and a similar accumulation 
occurred in nodules during the day when high humidity reduced transpirat-
ion. The cool, humid nights of the 18:12 degree day:night environment 
they used, caused a large accumulation of soluble nitrogen in the nodules. 
This regime did not prevent nitrogen fixation at night from occurring less 
effectively than in the day time when transpiration facilitated a much 
more rapid clearance of fixed nitrogen from ~he nodules (Minchin and Pate, 
1974). Thus, it appears that drought may initially reduce photosynthate 
supply but finally nodule senescence will reduce activity, 
, . .,,' 
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1.3.5.2 Waterlogging: Grain legumes such as peas and 
common beans are intolerant of waterlogged soil s (Sprent, 1979), which 
cause reduced plant growth (JacKson, 1979; Belford, Cannell, Thomson and, 
Dennis, 1980) and reduced nitrogenase activity (Minchin and Pate, 
1975). These effects have been attributed to inadequate oxygen supply 
to-the roots (FergtJson--and Bond, 1954; Wiersum, 1979). 
Nodule function is more tolerant of low oxygen partial pres-
sure than is nodule initiation (Pate, 1976; Sprent, 1979). Individual 
nodul es respond· to waterlogged soil s by increas ing their surface area, 
while nodule number and activity decrease (Sprent, 1976a). Thus plants 
growing in wet soils in winter or early spring may form some nodules, 
but nitrogen-fixing activity will be limited .. However, if soils become 
fully waterlogged, plant death ~ay occur in 24 hours. Waterlogged soils 
also frequently show chemical and physical changes (Buresh, Casselman and 
Patrick, 1980). To avoid these effects, plants have been studied in 
nutrient culture, so that nodule efficiency can be assessed under varying 
levels of oxygen. Pate (1976, from unpublished data of Minchin and Pate) 
showed that ina waterlogged environment, nodule efficiency is less where 
the nodule is located lower down the root. Insufficient oxygen supply 
reduced the efficiency of carbohydrate consumption (Bergersen, 1971) and 
thus the low nitrogen fixation resulted from a misuse of, rather than a 
restricted supply of carbohydrate (Pate, 1976). Early studies to assess 
the effect of inadequate oxygen supply to pea roots grown in solution 
. cul ture (Virtanen and Hausen, 1936) showed that the addition of nitrate 
nitrogen increased growth. Oxygen present in the nitrate molecule may 
help to supply the oxygen requirements of the root (Pate, 1976), 
In Canterbury, most soil s used for pea crops are free drain-
ing and therefore waterlogging is not a major problem. However, autumn 
and early spring-sown peas may be damaged by prolonged rain which causes 
anaerobic conditions to develop. Even if these conditions persist for 
.... ;. -.<', 
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only a day, the plants if not killed, may remain yellow with consequent 
yield reductions. 
1.3.6 Ti'me of Sowing 
In Canterbury, all garden and many field pea crops are sown 
in the period August - November,while some field peas are sown in May. 
There are a number of advantages to be gained from autumn sowing. 
Autumn-sown crops flower earlier than spring sowings, and this confers a 
significant advantage for crop yield and possibly also for nitrogen fixat-
ion. Autumn-sown tick beans {Newton, 1980~ flowered approximately one 
month earlier than spring-sown. This earlier development allowed crops to 
mature before the full effects .of drought, which is 'particularly important in 
I 
Canterbury. On these soils, waterlogging in winter is uncommon and 
thus increased root development ca.n occur during the longer growing sea-
son. This enhanced root growth increases the volume of soil searched, 
for both nutrients and water. Although little information is available 
for peas, the yield increases possible in dryland tick beans have been 
shown' by Newton who recorded a 105 per cent increase by autumn sowing 
compared with spring sowing. Lupins in Canterbury are normally autumn 
sown (White, 1961), but there are no reports of comparions between spring 
and autumn sowing for this species in Canterbury. Other advantages to 
be gained from autumn sowing are the minimising of soil structural damage 
which is a problem with cultivation of wet soils in early spring (Dawkins, 
Hebblethwaite and McGowan, 1980), reduced reliance on herbicides for weed 
contra l'~' and the spread of farmers· work schedul es. Research in the 
North Island of New Zealand has shown considerable benefits from autumn 
sowing of lupins (Withers, 1973; Withers, Baker a.nd Lynch, 1974). Withers 
et aI. 1981) considered early sowing was important to maximise seed pro-
tein yield, especially from cultivars which develop slowly. Further 
.... -
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research in Canterbury is needed on the effect of autumn sowing of peas. 
As sowing date is retarded in the spring, grain legumes gen-
erally show reduced yields because of drought stress (Withers, 1979; 
Marti'n and Table, 1981; Newton, 1'980). Under these conditions, irrigat-
ion will enhance yield (Anderson, 1971; White et al., 1982), but Newton 
showed that irrigating spring crops did not fully compensate for the 
greater yield obtained by autumn sowi'ng. McCormick (l975) found for 
Waikato-grown soybeans, however, that mid-season sowings were best 
because. early and late in the season, temperatures were lower than optimum. 
Later sowings would also reduce tota1 insolation available during seed 
se"t, with an increased likelihood of carbohydrate stress which could cause 
a reduction in nitrogen fixation and growth (Sinclair and de Wit, 1976). 
Martin and Table (1981) conduct~d several experiments in Canterbury with 
vining peas, and concluded that early spring sowing generally resulted in 
increased yield. 
There are a number of reports in the literature on the 
effect of sowing time on crop yields (Farrington, 1974; McCormick, 1975; 
Martin and Table, 1981), but the effect of time of sowing on nitrogen 
fixation has received little attention. Autumn-sown pea crops remain 
vegetative longer than do spring-sown crops, and thus have the opportunity 
to fix increased quantities of nitrogen. Cool temperatures during winter 
are likely to reduce nitrogen-fixing activity in all grain legumes, but 
during this period nodules may develop which can rapidly take advantage of 
warmer spring temperatures. Nitrogen fixation in grain legumes is great-
est between 20 and 25 degrees, although the optimum for peas may be lower 
(Minchin and Pate, 1974; Roponen, Valle and Ettala, 1970) and the maximum 
rate of nitrogen fixation for a crop generally occurs at the late vegetat-
ive stage. Therefore, as far as these factors are concerned, peas should 
be sown so that the late vegetative stage occurs at the optimum temperat-
ure for fixation. 
',.-; 
1.4 GRAIN LEGUMES IN CROP ROTATIONS 
1.4.1 The Use of Pasture to Maintain Soil Fertility 
New Zealand and Australian agriculture relies heavily on 
legume-based pastures to maintain soil fertility and structure for sub-
sequent crop rotations. Beneficial effects of preceding pasture on 
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subsequent crop production in New Zealand have been shown by Sears (1953), 
and Sears, Lambert and Thurston (1953), and Australian results have been 
reviewed by Russell (1980). Using a low fertility soil, Sears, Goodall, 
Jackman and Robinson (1965) estimated that 670 kg N ha- 1 were fixed by 
white clover, and they considered that nitrogen fixation would be reduced 
as fertility increased, and the pasture shifted to grass dominance. In 
this study, an artificially infertile soil was used and clippings were 
removed to further deplete mineral nitrogen levels. Later studies by 
Edmeades and Goh (1978), based on 15N, have shown that nitrogen fixation 
by white clover in old and fertile pastures (20 year old = 4~ kg N ha-1 
annum-I) was indeed less than that recorded for young pastures (2 year 
old = 142 kg N ha-1 annum-I). Also under high fertility, but generally 
young pastures, total nitrogen fixation by white clover, estimated by the 
acetylene reduction technique (Ball, Brougham, Brock, Crush, Hoglund and 
Carran, 1979) was closer to 184 kg N ha- 1 annum-I, averaged over 9 sites 
in New Zealand (Hoglund, Crush, Brock, Ball and Carran, 1979). In Mid-
Canterbury, nitrogen fixation was estimated to be 120 and 190 kg N ha-1 
annum- 1 respectively for dryland and irrigated, rotationally grazed three 
year old pastures (Hoglund et al., 1979). 
Cultivation reduces the levels of soil organic matter (Sears, 
Goodall and Jackman, 1965; Russell, 1980). As the amount and type of 
organic matter affects the availability of plant nutrients (such as sulphur 
and nitrogen), and soil physical conditions, a normal objective is to main-
tain soil organic matter and particularly organic nitrogen, at a high 
.-.:' .',', 
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level which can sustain moderate cropping intensity and heavy yields 
(Russe 11, 1980). 
1.4.2 The Use of Grain Legumes to Maintain Soil Fertility 
Although some of the effects of pasture on soil fertility 
have been documented (Sears, 1953; Ball et al., 1979), there have been 
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fewer reports which assess the effect of grain legumes on soil fertility. 
Lupins have been grown in Canterbury for seed, and as a green manure to 
improve soil fertility and subsequent wheat yields (White, 1961). but 
there were no quantitative comparisons between the effect of lupins and 
pasture at the time of Whitels (1961) report. More recently, Douglas,. 
Sinclair and Ludecke (1972) showed increased maize yields in rotation with 
soybean when compared with continuous maize, and Piggot and Cooper (1980), 
also in the North Island, reported a significant improvement in soil 
nitrogen after a third crop of forage lupins when compared with oats or 
rye-grass. Peas and tick beans yielded well in comparison with ryegrass/ 
oats when grown for winter greenfeed in Canterbury (Janson and Knight, 
1980), and caused a following wheat crop to yield double that after tick 
beans or peas compared with that after subterraneum clover, blue lupin or 
ryegrass/oats (Janson and Knight, 1980). These studies have shown con-
siderable yield increases in subsequent cereal crops after some grain 
legume crops were returned to the soil via grazing animals. 
The effects on soil fertility and subsequent cereal growth, 
of a range of grain legumes grown for seed, however, have still to be 
researched in Canterbury. Rhodes (1980) and Rhodes, Askin and White 
(1982) have shown that peas and lupins, when compared with cereals, sig-
nificantly increased yields of subsequent wheat or Tama ryegrass. As 
most of the fixed nitrogen was removed in the grain legume seed, the dif-
..... 
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ferences in subsequent crop yields were probably caused by reductions in 
soil fertility after cereal--crops. --Yield increases of-subsequent crops 
in rotations with grain legumes have also been measured in Australia 
(Wells, 1970; White, Elliot, Sharkey and Reeves, 1978); Boundy, 1978; 
Doyle and Herridge, 1980; Hawthorne and Lewis, 1980), and in the tropics 
(Sharma and Ambika Singh, 1970; Jones, 1974; Lab, Rajat De and Ram 
Kala Singh, 1978; Gajindra Giriand Rajat De, 1979; Ahlawat, Singh and 
Saraf, 1981). The increases in south-east Australia are particularly 
important because monetary returns from livestock industries have been 
lower than those from crops. In that area, many farmers have looked to 
grain legumes and particularly lupins to takeover the fertility-
building role of annual pastures (Boundy, 1978). The change has fre-
quently been s~ccessful, as marked increases in wheat yields have been 
recorded from areas which previously grew lupins (Table 1.1). The poor 
lupin yields, however, recorded in 1976, highlight some of the risks in 
growing this crop and in particular, disease problems which may reduce 
yields when lupins are grown in succession. Boundy (1978) considered 
that the major boost to wheat grain yield from lupins was the increased 
level of soil nitrogen after lupins (Table 1.1). In a high fertility 
situation, no yield differences were recorded between wheat after wheat 
and wheat after lupins. Where diseases were a problem, however, they 
considered that rotating wheat and lupins had beneficial effects by 
interrupting disease cycles of both crops. More recently, lupins have 
been shown to reduce the severity of common root rot (Cochliobolus 
sativus) in subsequent wheat crops (Moore, pers. comm.). In New Zealand, 
lupins are not widely grown for seed, mainly because financial returns to 
the grower do not make them an attractive crop. Before they can be 
~·grown widely; a greater-acceptance by those who formulate pig and poultry 
rations is required. 
Table 1.1: Effects of rotating wheat and lupins on soil mineral 
nitrogen and crop grain yields, 1974-1976. 
Grain Soil 
1974 yield min. N 1975 
t ha-1 kg ha-1 
W 
35/ W 2.7 ~L 
-' 
W 
75/. L 3.3 ~L 
W = wheat; L = lupins. 
(Data from Boundy, 1978) 
-Grai'n Soil -
yield min. N 1976 
t ha-1 kg ha-1 
2.6 36 ,,----W 
-----'L 
3.1 107----
W 
----""L 
4.7 61 ______ 
W 
-----"L 
2.6 130 ____ 
W 
----""L 
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Grain 
yield 
t ha-1 
2.3 
0.8 
3.8 
0.2 
3.7 
0.7 
4.3 
0.1 
Grain legumes either deplete soil nitrogen less than cereals 
(Wood and Russell, 1979) or they may increase soil nitrogen levels above 
those prevailing before the crop was sown (Jones, 1974; -Boundy, 
1978). The removal of crop resi dues and nitrogen-ri'ch seeds may reduce 
soil nitrogen (Wetselaar, 1967), and substantial soil nitrogen increases 
are likely only in legume crops with a low harvest index (Wetselaar, 1967; 
Arnold, 1977). Research with garden peas (Rasmussen and Pumphrey, 1977) 
-showed that irrigation increased growth and the total uptake of nitrogen, 
phosphorus, potassium and sulphur. _ Residues contained 75, 70, 90 and 80 
per cent respectively of the tot~l plant nitrogen, phosphorus, potassium and 
sulphur at green pea harvest. If these residues were removed, total nut-
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rient removal from the system was increased three- to four-fold (Rasmussen 
and Pumphrey, 1977). - There is -a- need for--New Zeal and work to quantify 
under varying agronomic treatments, the nitrogen losses and effects of 
subsequent crop growth, which occur from harvests at either green pea 
stage or crop maturity. 
When grain legume and cereal crops are followed by a non-
legume crop to indicate fertility changes, the indicator crop frequently 
yields more after grain legumes than after the cereal. This may occur 
even when the indicator crop is fertilised with heavy rates of nitrogen 
(Bowerman and Clare, 1976; Richards, 1978). Thus, soil structural 
changes caused by the legume crops benefit subsequent crop growth. 
However, on well structured sotls, grain legumes may have ~nly small 
beneficial effects on soil physical properties (Russell, 1980) or soils 
may show no benefits (Williams, 1975). Soil physical changes after 
grain legumes have included reduced bulk density (Sharma and Ambika Singh, 
1970), increased aggregate stability (Sharma and Ambika Singh, 1970; 
Arnold, 1977; Russell, 1980) and increased pore space (Sharma and Ambika 
Singh, 1970). 
Peas are very sensitive to poor soil structure and they 
require a porous, well aerated soil (Low, 1973; Dawkins, Hebblethwaite 
and McGowan, 1980; Hebblethwaite and McGowan, 1980). When grown under 
conditions of poor soil structure, pea yield may be reduced because of 
reduced water extraction through poor root development (Hebblethwaite 
and McGowan, 1980), reduced plant density (Russell, 1982) and inability 
to make compensatory growth (Hebblethwaite and McGowan, 1980). 
i '. 
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1.5 MEASUREMENT OF NITROGEN FIXATION 
1.5.1 Increase in Dry r~atter and Total Nitrogen 
Nitrogen fixation may be estimated from increased dry weights, 
as compared with plants which have been grown in the absence of nitrogen 
(Sprent, 1979); Frequently good correlations between dry weight and 
nitrogen fixed are found, but over long periods, the relationship becomes 
complex, because the nitrogen percentage varies (Sprent, 1979). An 
increase in total nitrogen in plants grown in the absence of combined nitro-
gen was the first method to establish conclusively that nitrogen fixation 
Dccutred. This method is still the only absolute, and simple, method of 
accurately measuring nitrogen fixation. Although it can be used as a check 
on other techniques, it does not indicate the relative importance of nitro-
gen fixation in the field where plants can obtain nitrogen from the soil. 
Even where plants are grown on artificially impoverished soils, legumes may 
gain appreciable amounts of nitrogen from the soil as shown by Kohl, 
Shearer and Harper (1980). They incorporated 34 t ha- 1 of corn cobs prior 
to sowing soybeans, but the nodulated plants nevertheless obtained approxi-
mately 47 per cent of their nitrogen from the soil. 
1.5.2 Difference Methods 
Nitrogen fixation may be more accurately determined when the 
proportion of nitrogen coming from the soil is estimated. This correction 
. is obtained by growing a non-fixing plant and comparing its nitrogen 
accumulation with the nitrogen-fixing legume. Three versions of the dif-
ference technique were listed by La Rue and Patterson (1981). 
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1.5.2.1 Comparison of a Legume with a Non-Legume: 
-Soil nitrogen contribution to a nitrogen-fixing legume is -estimated by grow-
ing a non-legume concurrently with a legume. This technique is particularly 
useful in pastures where grasses and legumes are frequently grown in assoc-
iation. Two major assumptions are made. First, all the nitrogen in the 
non-legume is assumed to come from soil nitrogen, and secondly it is 
assumed that the legume and non-legume take up soil nitrogen in proportion 
to that available. In the second instance, it is assumed that differences 
due to growth patterns and root morphology are insignificant. . The second 
assumption in particular is open to question. At least one author has 
show"n that estimates of nitrogen fixation by a pasture legume are altered 
by the choice of the non-fixing control plant (Wagner, 1954). 
1.5.2.2 Comparison of a Legume with a Non-Nodulating Legume: 
The use of near isogenic lines which differ only in fixation ability go at 
least part way to reducing the errors inherent in the comparison above. 
Growth patterns, root morphology and nitrog~n uptake are more likely to be 
identical, but this is difficult to prove. The availability of isolines 
is limited to a few soybean cultivars (La Rue and Patterson, 1981). 
1.5.2.3 Comparison of Inoculated and Uninoculated Legumes: 
In this instance, the only variable assumed to affect nitrogen fi xation is 
the presence or absence of rhizobia. The assumption that the presence of 
nodules does not affect root morphology may not be correct for peas. 
Nodules which form on the taproot of peas tend to inhibit the formation of 
lateral roots (Torrey and Zobel, 1977) . 
1.5.3 Isotopic Methods 
The use of 15N remains the generally used check for other 
estimates of nitrogen fixation. A truly direct estimate of fixation can 
be made by using 15 N2 gas, but experimental techniques are difficult to 
- --
:.:-:<-.:-->-<.-._.' ..... ;\., 
44 
master and equipment is expensive (La "Rue and Patterson, 1~81). 
1.5.3.1 Isotopic Dilution: A legume and non-fixing control 
plant (generally a non-legume) are grown in soil to which 15N-labelled nit-
rate or ammonium has been added. This technique involves the assumption 
that the nitrogen fertiliser added is equally available to both legume and 
non-l~gume. Also, if soil nitrogen_is low, the non-fixing crop may not 
grow as well as the test crop and thus not be a useful control. 
rj:/,.';;\ 
Reviews 
by Fried and Middleboe (1977) and La Rue and Patterson (1981) and 
experimental work (McAuliffe, Chamblee, Uribe-Arango and Woodhouse, 1958; 
Goh, Edmeades and Robinson, 1978; Rennie, 1982; Wagner and Zapata, 1982) 
give further information on techni~ues. 
the study reported here. 
1.5.4 Nitrogen Balance 
These methods were not used in 
A nitrogen balance technique was used by Sears et al. (1965) 
to measure changes in total soil nitrogen in pastures, and Rhodes (1980) 
used a similar technique to estimate nitrogen fixation in peas and lupins. 
The assumptions that mineralisation of organic nitrogen and leaching losses 
are the same for all treatments in nitrogen balance studies may not be 
valid. If not, the accuracy of nitrogen fixation estimates will be 
reduced. 
1.5.5 The Relationship Between Acetylene Reduction and Nitrogen 
Fixation 
The acetylene reduction assay has resulted in an explosion of 
data on nitrogen fixation (Sprent, 1979), essentially because it is simple, 
rapid and inexpensive (Sprent, 1979). The nitrogen-fixing enzyme, nitro-
genase, catalyses the reduction of atmospheric di-nitrogen to ammonia 
(Dilworth, 1966) and the discovery that acetylene inhibits nitrogen fixation 
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and is reduced to ethylene by nitrogenase (Dilworth, 1966) led to the 
development of the acetylene reduction assay as a sensitive measure of 
nitrogen-fixing activity (Hardy et al., 1968). The ratio of nitrogen to 
acetylene reduced, of 3:1, is the theoretical value obtained from the 
stoichiometry of the equations (Bergersen, 1970): 
Nitrogen fixation N2 + 6H+ + 6e- + 2NH3 
+ -Acetylene reduction 3 C2H2 + 6H + 6e + 3C2H4 
Although :good correlations have been observed (Hardy, Burris, 
Herbert, Holsten and Jackson, 1971), wide variations from the 3:1 relation-
ship have been found (Bergersen, 1970; Oghoghorie and Pate, 1971; 
Herridge, 1982a, b). 
The initial enthusiasm has led to widespread use of the assay 
(Hardy, Burns and Holsten, 1973), but a number of important factors need 
to be considered before nitrogen fixation can be accurately estimated. 
1.5.5.1 Factors Affecting Acetylene Reduced to Nitrogen 
Fixed: 
Acetylene Concentration: Nitrogenase is thought to have approximately two 
and a half ti~es greater affinity for nitrogen than for acetylene (Scholl-
horn and Burris, 1967), but the greater solubility of acetylene enables 
assays to be carri~d out in air with between 10 - 20% acetylene. Differ-
ences in ethylene production of up to 20% were observed between soybean 
plants incubated in an inert gas and oxygen mixture, and those incubated in 
air and acetylene (Hardy et al., 1968). Thus, when incubations are done in 
air and acetylene, some energy may continue to be used in the reduction of 
nitrogen even at high levels. 
Nitrogen and Oxygen Concentration: Saturating concentrations of acetylene 
limit hydrogen evolution and the in vivo function of hydrogen production by 
, " 
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nitrogenase may be to provide reductant for oxygen, and thus decrease oxygen 
-conc-entrationin-the vicinity-of-n-itrogenase (Hardyet al., 1973). 
Inhibiting levels of oxygen may therefore occur when hydrogen evolution is 
blocked by the presence of acetylene. 
, 
Background Ethylene Production: In some incubation systems, the background 
production of ethylene by higher plants, fungi and bacteria (Hardy et al., 
1973) and by soil (Witty, 1979) may contribute to an over-estimate of legume 
nitrogen fixation, but Hardy et al. (1968) found negligible ethylene was 
formed in the absence of acetylene. 
_Inte~val~BetweenSamplingandAssay: In order to obtain values which are 
representative of the in situ activity, it is important to use intervals 
of no longer tha~ two houfs and preferably less, between digging and assay-
ing plants (Hardy et al., 1968; Oghoghorie and Pate, 1971). 
Injury: Excised nodules of soybeans were less active than nodulated roots 
which in turn were less active than whole plants (Hardy et al., 1968; 
Hardy et al., 1973). This reduced nodule activity may be caused directly 
by root injury with consequent reductions in the transport of nitrogen 
fixation substrates and products to and from the nodule. Rhodes (1980) 
found no differences between whole lupin plants and decapitated roots, 
which suggested carbohydrate storage was adequate during the 70 minute 
assay which he used. However, if plants had been assayed in situ, the 
acetylene reduction rates may have been considerably higher, particularly if 
digging had caused physical damage to nodules. 
Duration of Incubation: Lag periods from the start of the assay to the 
first appearance of ethylene occur particularly when soil cores are used, 
which results in under-estimates of nitrogen fixation (Sinclair, 1973). 
Heavily nodulated roots, which rapidly reduce acetylene, may require assays 
of less than one hour. Under these conditions, Hardy et al. (1968) found 
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that linear production of ethylene from soybean roots ceased shortly after 
one hour. 
Water: Acetylene is considerably more soluble than ethylene in water. 
When in situ measurements or soil cores are used and soil moisture varies, 
peak heights of acetylene will vary relative to ethylene, and the use of 
acetylene as an internal standard will then over-estimate nitrogen fixation. 
1.5.5.2 The Usefulness of Acetylene Reduction: The use of 
the stable isotope of nitrogen is fundamentally the most accurate and 
absolute method for measuring nitrogen fixation because it is a direct 
method and is not subject to the correction factors applied to the acetylene 
reduction assay. However, because of the large cost and time required for 
isotopic measurements of nitrogen fixation, acetylene reduction techniques 
are useful for the following purposes: 
1) .Non-destructive assays allow the elimination of major sources of bio-
logical variability (Fishbeck, Evans and Boersma, 1973; Sinclair, 
1975; Sprent, 1979). That is, individual plants or groups of plants 
may be assayed a number of times during the season and thus differences 
between plants would be minimised. 
2) Assessment of the influence of temperature and other climatic effects 
on nitrogen fixation. 
3) Investigations of agronomic treatments and their effects on rates of 
nitrogen fixation during plant development. 
4) Initial screening for nitrogen fixation in cultivar and Rhizobium 
strain evaluation, although hydrogen evolution should be calculated as 
well. 
The extrapolation of a few one-hour assays to a total nitrogen 
fixation for a season must be treated with extreme caution, because of rapid 
nitrogen fixation responses to weather and diurnal changes. Bergersen 
.- ... ,. '" .. 
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(1970) considered that acetylene reduction is most useful where the 
- absol ute-amount of nitrogen fixed need not be measured, although within 
species and growth conditions Sinclair, Hannagan, Johnstone and Hardacre 
(1978) found the assay was very closely related to nitrogen fixation as 
measured by total plant nitrogen. 
1. 6 CONCLUSION 
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Although much is known of the physiological responses in peas, little 
is known of the factors which limit their nitrogen fixation in Canterbury. 
The growing season has long days with high insolation and cool nights which 
are known to benefit both growth and nitrogen fixation. Long dry spells 
are frequent and are exacerbated by north-westerly (fohn) winds which 
further intensify drought stress. Peas are frequently grown after pasture 
when soil nitrate levels are high, and under these conditions nitrogen 
fixation may account for a small proportion of total plant nitrogen. Har-
vests are taken either as green peas or at crop maturity and little is 
known of the effect of harvest stage on soil fertil ity and subsequent crop 
growth. 
The following trials were designed to assess the importance of these 
factors. 
,.-., 
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CHAPTER 2 
THE EFFECT OF GRAIN LEGUMES ON SOIL FERTILITY 
2.1 INTRODUCTION 
By far the most important ~rain legume grown in New Zealand is 
peas, although small areas of other grain legumes such as lupins and 
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tick beans are also grown. Over three-quarters of these grain legumes 
are grown in Canterbury, where they are used in rotations with wheat, 
barley and herbage seeds. Research in New Zealand has concentrated on 
agronomic aspects to improve the yield of these crops, but little 
attention has been given to their effect on soil fertility and subsequent 
crop yield. Douglas et al. (1972) found that maize grown in rotation 
with soybean gave higher yields than continuous maize. The beneficial 
effect of autumn-sown, legume forage crops on subsequent cereal yield 
has been reported by Janson and Knight (1980) and Piggot and Cooper (1980). 
Overseas work has shown that grain legumes can improve soil physical condit-
ions (Sharma and Ambika Singh,1970), soil nitrogen status (Wild, 1972) and 
subsequent crop yield (Boundy, 1978; Ellington et al., 1979; Doyle and 
Herridge, 1980; 
al., 1981). 
Hawthorne and Lewi s \1980; Russe 11, 1980; Ahlawat et 
With the development of intensive cropping systems and a reduction 
in the frequency of pasture in crop rotations, greater reliance may be 
placed on grain legumes to increase soil nitrogen levels. The work 
reported in this paper was initiated to supply information on the effects 
of grain legumes on soil fertility under Canterbury conditions. 
P.J. Rhodes, D.C. Askin, J.G.H. White, 1982. Proceedings of the 
Agronomy Society of New Zealand, in press. (Initial legume and cereal 
treatments and ryegrass in trial 1 were grown by Rhodes; other crops 
were grown by Askin.) 
...... 
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2.2 MATERIALS AND METHODS 
2.2.1 Trial 1. 
The trial was conducted on a Templeton stlt loam at Lincoln 
College, Canterbury, where soil fertility had been depleted by cropping, 
and large yield responses in wheat had been recorded following application 
of fertiliser nitrogen (Dougherty et al., 1979). A randomised block 
design, with four replicates, was used. Plot size was 15 x 12 m. 
Treatments were: field peas cv. Huka, garden peas cv. Puke, lupins cv. 
Uniharvest, barley cv. Manapou, and fallow, each at two levels of nitrogen 
. 1 (0 and 80 kg ha- ). 
Seed and serpentine reverted superphosphate at 300 kg ha-1 
were sown into a cultivated seed-bed on September 24, 1978. Sowing 
rates for Huka and Puke peas, lupins and barley, were 170, 310, 250 and 
-1 160 kg ha respectively. Lupin seed was slurry inoculated and barley 
and pea seed treated with Orthocide fungicide. 
Nitrogen as calcium ammonium nitrate was applied to 
-1 appropriate plots on November 14, 1978. Atrazine at 1.0 kg ha was 
applied pre-emergence to lupins, and terbutryn at 0.4 kg ha-1 to peas at 
-1 the five to six node stage. Dicamba plus MCPA at 0.1 and 0.6 kg ha 
respectively was applied to barley at tillering. Diquat at 0.8 kg ha-1 
-1 and later glyphosate at 1.4 kg ha were applied to fallow plots. 
Puke peas were harvested at the green pea stage and other 
2 
crops at maturity. Seed yield from a 5.4 m quadrat was obtained before 
plots were header harvested. Barley and lupin residues above header 
height, and all pea residues, were removed. 
Ryegrass - Half of each plot was cultivated, and on March 10, 1979, 
'Grasslands Tama~ was sown at 40 kg ha-1 with superphosphate at 500 kg 
-1 -1 ha . Nitrogen as ammonium sulphate at 0, 25, 50, 100 and 200 kg ha was 
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applied on April 22 to sub-plots on the fallow treatment. Three 
permanent sampling areas, each 1 m2, were-randomly located on sub-plots 
and on all other non-fallow plots. Tama ryegrass was harvested for OM 
yield on June 14 and regrowth cut on August 31, and again on September 26, 
1979. 
Wheat - The remaining area of plots not sown with ryegrass was cultivated 
-1 and superphosphate at 250 kg ha applied prior to sowing wheat cv. Kopara 
-1 at 150 kg ha on July 27,1979. On September 24, wheat was sprayed for 
annual weeds with terbutryn at 1.0 kg/ha. Wireweed was not controlled 
effectively and bromoxynil (0.2 kg ha-1), ioxynil (0.2 kg ha- 1) and 
mecoprop (1.1 kg ha-1) were applied on October 24. 
At maturity, components of yield were measured from twenty 
heads sampled at random from 0.3 m2. A 2.25 m2 area was cut to ground 
level and seed yield determined. 
2.2.2 Trial 2 
The trial was situated on an area which had grown two wheat 
crops after lucerne. A randomised block design with four replicates 
was used. Plot size was 9 x 22 m. Treatments were: wheat cv. Oroua 
with nitrogen at 0 and 85 kg N ha-1, field peas cv. Huka and lupins cv. 
Unicrop. Lime (5 t ha-1) and superphosphate (400 kg ha-1) were broad-
cast prior to drilling. Wheat at 170 kg ha-1 and peas and lupins at 
200 kg ha-1 were sown into a cultivated seed-bed on September 14, 1979. 
Nitrogen as sulphate of ammonia was applied to wheat on October 10, 
1979. Bromoxynil (0.2 kg ha-1), ioxynil (0.2 kg ha-1) and mecoprop 
(1.1 kg ha-1) were applied to wheat on October 26, 1979. Metribuztn 
(0.2 kg ha-1) and methabenzthiazuron (0.7 kg ha-1) were applied to peas 
on October 16, 1979, and chloroxuron (0.5 kg ha-1) plus Citowett at 
_:... ....•.• >,> - -.<, 
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0.5% v/v to lupins on October 26, 1979. 
-·At-crop-maturity,·plots-were header harvested and grain 
yield measured from two 1.5 x 22 m areas within each plot. All remain-
ing vegetation was removed. The trial area was cultivated prior to sow-
ing IGrasslands Tarnal ryegrass at 40 kg ha- 1 on March 20, 1980. Rye-
2 grass was harvested from ten 0.1 m quadrats cut to ground level on August 
2, 1980. 
2.3 RESULTS 
2.3.1 Trial 1 
Crop Yields - Barley seed yields were increased by fertiliser nitrogen. 
but there was no significant effect on legume yields, and values for the 
no nitrogen treatments only are presented (Table 1). Seed yield from 
Table 2.1: Seed yields, harvest index and nitrogen harvest index. 
Crop Seed yield Harvest Nitrogen harvest (kg OM ha-1) index index 
Huka peas 2260 0.66 ' 0.86 
Puke peas 470* 0.23 0.44 
Lupins 3430 0.49 0.92 
Barl ey 1410 - -
Barley + N 2380 - -
LSD 5% 570 9. 05 0.07 
*Puke green pea yield 2590 kg ha- 1 (TR =1109) 
·Uniharvest lupins was higher than for Huka peas, but harvest index was lower. 
Nitrogen harvest index was higher for lupins, and lupin seed had a higher nitrogen 
concentration (4.6%) compared with peas. (2.9%). The green pea yield of Puke peas 
-1 at a TR of 109 was 2590 kg ha . On a dry matter basi s, thi s was 470 kg ha-1, whi ch was 
considerably less than the seed yield of Huka peas at maturity. The 
harvest--indices were also lower (Table 1). 
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Ryegrass - Ryegrass yield after pea cultivars was similar to that for 
fallow, but yield after Uniharvestlupins was higher (Table 2). Ryegrass 
production after barley was lower than after legumes or fallow, particu-
larlywhere nQnitrogen had been applied to the barley crop. Nitrogen 
applied to ryegrass increased yields up to the highest rate applied 
(Tabl e 3). 
Table 2.2: Tama ryegrass yields (Trtal I} 
Treatment Ryegrass yield (kg O~1 ha -1) 
Fallow 2810 
Huka peas 2650 
Puke peas 2670 
Lupins 3300 
Barley 1860 
BC\rley + N 2290 
LSO.5% 400 
Table 2.3: Effect of autumn-applied nitrogen on Tama ryegrass yield, 
fallow treatment 
N appli~~ 
. (kg N ha ) 
Ryegrass yield 
(kg OM ha-1) 
0 2810 
25 3340 
50 3860 
100 4970 
200 5960 
LSO.5% 510 
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Wheat - Colour differences were obvious. by late tillering, with plots 
-.previously-sown to barley a paler green than others. 
The analysis of variance of final harvest results (Table 4) 
incorporated single degree of freedom tests on four orthogonal com-
parisons, which were: cropped versus fallow; barley versus legumes; 
Puke versus Huka, and pea~ versus lupins (Appendix IV). Toial biomass 
and seed yields were low, with a large difference in seed yield between 
barley and legumes. The relatively large amount of straw present in the 
barley plots, was reflected in the harvest index of 0.28 which was sig-
nificantly different from the legumes (p~ 0.05). Spikelets per ear were 
. un'affected by prevtous .treatments, with a mean of 16.5. The reductions 
in both ears per m2 and 1000 grain weight had a large effect on the yield 
difference between barley and legumes. 
Table 2.4: Wheat grain yield, components of yield and harvest index. 
Previous Grain yield Harvest 1000 grain Grains Ears m -2 
crop (kg OM ha -1) index weight (g) spikelet-1 
Huka peas 2480 0.43 39.1 1.42 268 
Puke peas 2660 0.43 40.6 1.60 253 
Lupins 2850 0.41 39.4 1.65 269 
Barley (no N) 1540 0.28 31.8 1.34 211 
Fall ow 2630 0.43 39.2, 1. 57 259 
LSD 5% 570 0.15 4.2, 0.32 36 
Significance barley vs barl ey vs barl ey vs barley vs 
of single d.f. legumes legumes 1 egumes legumes 
orthogonal ** * ** NS ** 
comparisons Other comparisons N.S. 
. ..... 
" !'-, ',,-
2.3.2 Trial 2 
Crop Yields - There was no response to nitrogen in wheat, which was 
severely affected by take-all (Gaeumannomyces graminis var. triticus). 
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Excellent weed control was achieved in peas, but ca1indrinia (Calindrinia 
menziesii) and wi re\'Ieed (polygonum aviculare) were not controlled in the 
1upins, where yields were less than peas (Table 5). 
Table 2.5: Seed and Tama ryegrass yields (Trial 2). 
Treatment Seed yield (kg ha-1) 
Ryegrass yield 
(kg DM ha-1) 
Peas 3350 2940 
Lupins 1910 2600 
Wheat 2940 2350 
Wheat + N 2990 2520 
LSD 5% 670 460 
Ryegrass - Tama yield after peas was greater than after wheat, but yields 
after lupins and wheat were similar (Table 5). There was little residual 
effect of nitrbgen fertiliser applied to wheat. 
2.4 DISCUSSION 
Peas are sensitive to poor soil aeration (Low, 1973; Wiersum, 
1979), and high bulk density (Eavis and Payne, 1969; Hebblethwaite and 
McGowan, 1980). At the site used in Trial 1, continuous cropping had 
caused a deterioration in soil structure, which is likely to have been 
responsible for the low pea yields obtained (Table 1), in comparison with 
those reported by Stoker (1975) and Falloon and White (1978). 
Lupin yields, however, compared favourably with those reported by 
other workers for crops grown in Canterbury (Stoker, 1975; Lucas et al., 
.--.. ' . 
... ',-, .. , .. ' •... , .. -. 
t, • 
.'; ; i,-. i .• :" 
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1976; Hill et ai., 1977). This suggests that lupins tolerate low 
fertility conditions better than peas, and--would -be more suitable for use 
as a break crop after successive cereal crops. 
Cereal yields at both sites were low. The response to nitrogen 
by barley (Table I) indicates that nitrogen def;-ciency limited yields in 
Trial 1, although poor soil structure may also have been important. 
Take-all depressed wheat yields in Trial 2, and could have reduced the 
effect of applied nitrogen. 
The large response to nitrogen on fallow plots (Table 3) and 
the residual effect of nitrogen applied to barley (Table 2) indicates 
that -ryegrasswas -highly responsive to nitrogen at site 1. This suggests 
that ryegrass yields were higher after legumes compared with barley due to 
differences in available nitrogen. Greater uptake of soil nitrogen by 
barley and removal of this nitrogen in grain and straw would have reduced 
subsequent nitrogen availability relative to lupins and peas and resulted 
in lower ryegrass yields. Similarly, a reduction in nitrogen supply to 
ryegrass after wheat relative to peas would have resulted in the lower 
yields obtained in Trial 2. The smaller difference between ryegrass 
yield after lupins and after- wheat (Table 5) compared with that between 
lupins and barley (Table 2) may have been due to the removal of soil 
nitrogen in weeds harvested with the lupins. 
In Trial 1, the nitrogen stress in wheat which followed barley was 
first observed at late tillering and became progressively more acute. 
This premature leaf senescence reduced all components of yield except 
spikelets per ear (Table 4) and also the grain-filling period, resulting 
in shrivelled grains. These factors resulted in the 1100 kg ha-1 yield 
difference in wheat after barley compared with wheat following legumes. 
Nitrogen return from Puke and Huka peas was 1 i.mi'ted prtmar,ily to 
that contained in roots and nodules. Mineralised nitrogen from this 
source recovered by ryegrass and wheat appears to have been sufficient 
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only to offset removal of soil nitrogen in the harvested pea grain and 
straw,since yields after peas were similar to those on the fallow treat-
ment. It is unl ikely that the yields of subsequent crops \'Jould have 
been substantially higher had Huka pea residues been returned, since 
86 per cent of the nitrogen present at maturity was in the seed (Table 1). 
Yields may have been higher with Puke pea residue return, since 56 per 
cent of the nitrogen at the green pea stage was contained in crop residues. 
In contrast to peas, ryegrass and wheat yields were higher after 
lupins than after fallow. Mineralisation of nitrogen returned to the 
soil in roots, nodules, abscissed leaves and other crop residues appears 
to' have compensated for soil nitrogen removal via lupin seed, and could 
account for the higher yields. 
Although these trials have~shown that grain legumes,when harvested 
at maturity, can ha,ve a benefictal effect on subsequent crop yields in 
comparison with cereals, their use as fertility building crops in intens-
ive cropping systems appears limited. Total soil nitrogen can be 
increased via grain legumes only where ft~ed nitrogen added to the soil 
via roots a,nd nodules, leaf fall and crop residues exceeds losses of soil 
nitrogen through uptake and removal in the seed. This may occur under 
low soil fertility conditions where nitrogen fixation supplies most of 
the crop nitrogen requirement. However, the net increase in total soil 
nitrogen, particularly in legume crops with a high nitrogen harvest index, 
is unlikely to~besufftcient to offset nitrogen uptake and removal in 
subsequent non-legume grain crops. Under high fertility conditions, 
where soil nitrogen uptake can account for a major proportion of legume 
nitrogen (McAuliffe et ai., 1958; Allos and Bartholomew, 1959; Gibson, 
1976}, the removal of soil-dedved nitrogen in seed may be greater than 
the return of fixed nitrogeni resulting in a net reduction of total soil 
n i'trogen. 
CHAPTER 3 
SOIL NITROGEN, MOISTURE AND HARVEST DATE INFLUENCE 
ON PEA NITROGEN FIXATION, ACCUMULATION, DISTRIBUTION 
AND SUBSEQUENT RYEGRASS PRODUCTION 
3.1 INTRODUCTION 
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Dry1and peas removed about as much nitrogen as they fixed when grown 
in a low fertility soil at Lincoln (Rhodes, 1980). However, fertile soils 
are more commonly used for pea crops in Canterbury. Under such conditions 
little is known of their nitrogen fixation and effect on subsequent crop 
growth. Furthermore, drought frequently limits growth and yield of peas 
in Canterbury (Anderson and White, 1974; Stoker, 1973, 1975; White et 
al., 1982). Most researchers suggest irrigation at flowering and pod 
filling overcomes this limitation. Similarly, little is known of the 
effect of these irrigation treatments on nitrogen fixation. 
Whether the crop is harvested as green or dried peas also affects 
soil nitrogen removal and the amount of time which peas have to fix nitro-
gen. Ten per cent of the peas grown in Canterbury are harvested at the 
green pea stage (N.Z. Agricultural Statistics, 1979/80, 1982). Initial 
studies by Rhodes et al. (1982) showed that time of harvest influenced 
the growth of subsequent crops. In that study, a direct comparison of 
harvest date was not possible as cu1tivar differences confounded the 
results. If real, these differences have important agronomic implications. 
In all legumes, nitrogen fixation can be affected by changing the 
available soil nitrogen and moisture. Addition of highly carboniferous 
material such as straw causes a decrease in available nitrogen as the straw 
decomposes (Russell, 1973), and this may stimulate symbiotic nitrogen fixat-
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ion to replace the source of nitrogen no longer available. In contrast, 
addition of fertil i sernitrogen to the soil generally reduces -the requi r~­
ments for fixed nitrogen by legumes. The bimodal effects of a range of 
nitrogen fertiliser additions have been studied in pasture and grain leg-
umes (Allos and Bartholomew, 1959; Oghoghorie and Pate, 1971; Hoglund, 
1913), with the general finding that with low levels of added nitrogen, 
plant nitrogen uptake and fixation reach an initial peak. This peak is 
dependent on combined nitrogen being complementary to the nitrogen supplied 
from symbiosis. At a higher level of combined nitrogen, fixation is 
actively suppressed. At this level, combined nitrogen may not fully com-
pensate for the loss of nitrogen from the symbiosis. A trough in nitrogen 
yield then occurs. Further increases in combined nitrogen allow growth and 
nitrogen yield to increase above the initial peak in nitrogen yield. Thus 
small amounts of nitrogen fertiliser may stimulate growth and nitrogen 
fixation when applied during periods of inadequate nitrogen supply. Peas 
may suffer a temporary nitrogen deficit during nodule development, and 
again during grain filling when carbohydrate supply for nodule function may 
be limited. Pate (1976) considered that it would be at these stages when 
peas were most likely to benefit from fertiliser nitrogen. The possible 
responses from nitrogen additions to peas at these stages merits further 
attention in the field. For these reasons, growth, yield and nitrogen 
fixation were examined to: 
1) identify the most important factors which influence nitrogen fixation 
of field-grown garden peas, 
2) assess the influence of irrigation, straw and nitrogen fertiliser on 
subsequent soil fertility as measured by growth and nitrogen uptake 
of annual ryegrass. 
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3.2 MATERIALS AND METHODS 
3.2.1 Trial Site, Soil Tests, Fertiliser and Cultivation 
The trial was sited on a Templeton silt loam soil in paddock 
H6 of the Lincoln College Henley Research area. Prior to this trial, the 
site grew lucerne for several years, followed by two successive wheat 
crops. Soil samples for Ministry of Agriculture and Fisheries quick test 
determinations were taken from the trial area in June, 1978. After wheat 
was harvested in January, 1979, the stubble was removed and the area was 
. spra~ed with glyphosate at 0.7 1 ha- 1 in April 1979 to control couch grass 
(Agropyron repens). Superphosphate at 400 kg ha-1 and lime at 5 t ha- 1 
were broadcast on 29 August, 1979, and initial cultivation commenced on 8 
September. 
3.2.2 Experimental Design 
A 25 factorial design with two replicates, and four blocks 
was used. Blocks and fourth order interactions were confounded. The 
treatments and levels of each were: 
Nitrogen early as ammonium sulphate at nodule formation 
EO Nil 
-1 
El 45 kg N ha 
Nitrogen late, as ammonium sulphate at first flower 
Lo Nil 
Ll 45 kg N ha-
1 
Straw Nil 
8 t ha- 1 
Irrigation 
10 Ni 1 
II Irrigation from flowering 
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Ha rvest date 
HG Harvest at green pea 
HD Harvest at dry pea 
Four plots of barley, located at the south end of each block, were also 
grown. A winter active, annual ryegrass cv. Tama was sown in all pea 
-and barley plots, after final harvest, to assess fertility changes. 
3.2.3 Crop Husbandry 
A stack of wheat straw of about 1000 kg was covered with 
polythene in autumn, 1979. It was anticipated that weed and wheat seed in 
the straw may present a problem so the stack was sealed on 4 September and 
12 cans of methyl bromide. (each 450 g) were injected during the interval up 
to 30 September, but samples of wheat seeds placed in the straw were still 
viable on October 10, 1979. Straw was chaffed and spread on the surface 
of plots which were then rotary hoed on October 26, 1979, and volunteer 
wheat seedlings sprayed with glyphosate at 0.91 ha- 1 on November B. 
On November 13, 1979, garden peas cv. Puke and malting barley 
cv. Manapou were sown at 300 and 150 kg ha-1 respectively into plots 
measuring 22 x 1.5 m. Commercial Rhizobium prills containing R.legumino-
sarum were broadcast at approximately 70 kg ha- 1 the day after drilling, 
just prior to 6 mm of rain. Seeding equipment did not allow even applicat-
ion of the prills and broadcasting was used to give more even application. 
° Metribuzine at 0.2 kg ha- 1 and methabenzthiazurone at 0.7 kg ha- 1 were 
applied to the peas on 13 December, 1979, to control annual weeds. No 
herbicides were used on the barley. Nitrogen was broadcast on to E1 plots 
o.n 5 December, and to L1 plots on 24 December, 1979. Three trickle irrigat-
ion lines per plot were laid after drilling, and irrigation was applied to 
bring plots to near field capacity on 24 December, 27 December, 14 January 
and 22 January. Soil moistures were determined in the S x I plots from 
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24 December to 28 January, 1980, by taking 4 cores each 2.5 cm diameter 
- from each plot at 0 - 20 cm. Field capacity and wilting point (0 - 20 
cm) for this soil at -15 bars 1S 35 and 15 per cent moisture respectively, 
on a dry weight basis (Hussein pers. comm.). 
-- - - 3~ 2.4 Soi 1 Nitrate 
Available soil nitrate was measured in S x I plots. At 
each sampling date, four cores were taken from each plot at 0 - 20 cm and 
two cores from 20 - 60 cm; these were bulked, and analysed by the method 
described in Appendix Ilr. Sampled areas were not used for further 
plant or soil measurements, and holes were filled with loose soil. 
3.2.5 Acetylene Reduction Assays 
Two methods of determining nitrogen fixation were used. In 
the first instance, plants were dug and assayed in jars, and in the 
second, plants were assayed in situ as outlined below. 
Jars: Ten plants were dug from the inner six rows of plots and tops 
severed at the first node. Roots were incubated with 60 ml acetylene, 
using the method outlined in Appendix I. Assays were conducted 31, 38, 
55, 69 and 85 days after drilling. Mean seasonal nitrogen fixation 
tC2H2) was estimated from the area under graphs derived from the five 
assays (main effects only). 
In Situ Assays: Polythene containers of 10 1 capacity measuring 260 rnm 
diameter x 275 mm depth were cut 3 cm from the base, and the top portion 
of two containers were placed in each plot (H G treatments only). Two 
cm were left above the soil surface. Containers were open at the base 
to allow normal root development below 270 mm. Eight pre-germinated 
.,. . '- _. 
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seeds were sown per container wit~in one day of drilling. Assays were 
----conducted-at fortnightly- intervals, as follows: . Incubations commenced soon 
after 0500 h (NZST) by placing reflective silver painted buckets (labelled 
II Gil , Plate 3.1) over the top of the containers in the ground, and the 
junction sealed with plastic tape. Acetylene was supplied through a 
regulator (A) and via a tube (B) into a chamber of 1 1 capacity (C and D) . 
Taps were opened for a short period to allow gas to reach air pressure 
and were then closed again. Injection into the bucket (G) was through 
a sealing grommet (F). After periods of up to 2 hours, the gas in the 
bucket was mixed by pumping a 100 ml syringe (H) in and out five times 
via the sealing grommet. Gas samples were taken with double-ended 
needles and stored in 10 ml vacutainers for future analysis. 
A malfunction in the gas chromatograph was repaired after the 
finish of the trial and samples were stored for approximately four months. 
As storage time may have influenced the acetylene reduction results 
obtained, a subsequent test to assess the effect of storage time was con-
ducted. Vials were collected from four jars and acetylene reduction 
activity was measured initially and at 2, 33, 71 and at 165 days after 
incubation. Vi~ls were refrigerated during storage. 
3.2.6 Plant Measurements 
Plants were counted from three 0.1 m2 quadrats in each plot, 
27 days after sowing. Harvests were conducted during vegetative growth, 
first flower, pod fill, green pea and maturity, 24, 43, 57, 74 and 105 
days after sowing. The first harvest was from the factorial combination 
.of straw and early nitrogen treatments only, as other treatments had not 
been applied. At this harvest, ten plants were randomly selected and 
dug from the south end of plots, nodules greater than 1 mm in diameter 
were counted, and top dry weights were recorded. Subsequent harvests 
-
. , . ,", .. 
Plate 3.1: Acetylene reduction apparatus for in situ measurement 
of nitrogen-fixing activity. 
A. Acetylene source and regulator. 
B. Entrance into 1 1 chamber. 
C. Plunger . 
D. Outlet to bucket assembly. 
E. Modifi ed 1 ml syringe. 
F. Sealing grommet (not shown). 
G. 10 1 bucket placed over plants in the field. 
H. 100 ml syringe used for mix ing gas and 
taking samples. 
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were from quadrats to allow estimation of plant population changes and 
dry matter on an area basis. At first flower, plants from two 0.1 m2 
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quadrats were harvested by cutting plants at ground level. Two plants, 
chosen at random, were separated into leaf and stem for dry weight and 
nitrogen analysis. Total dry weight (g m- 2) was calculated from all 
-2 ' plants harvested, and nitrogen (g N m ) was calculated from the concen-
tration of nitrogen in plant fractions multiplied by plant population 
and plant size. At pod fill, three O"d m- 2 quadrats were harvested, and 
three plants were separated into leaf, stem and reproductive portions. 
Sampling intensity was increased to reduce residual error. At this 
harvest and at green pea, nitrogen samples were bulked to reduce the num-
5er of analyses which resulted in main effects having eight replicates. 
Nitrogen in plant parts Was calculated by applying the one nitrogen con-
centration over the four values for dry weight. 
2 At the green pea harvest, an area of 2.25 m was harvested 
by hand from the central six rows of each plot; plant number and green 
weight determined and the crop threshed in a DSIR mini-viner to obtain 
a green pea yield. Three subsamples of the vined peas were taken for 
tenderometer measurements and a further sample oven dried for moisture 
determination. Twenty-five plants outside the 2.25 m2 quadrats were 
randomly selected for pod count and dry matter and three of these plants 
were divided into stem, leaf, pods and peas; the components oven dried 
and stored for nitrogen analysis. These sub-samples from 25 plants 
were used in the calculation of the nitrogen balance because the vined 
pea yield did not allow for seed losses in the mini-viner. The remain-
ing crop on all plots for green pea harvest (HG) was then mown with a 
. sickle-bar mower and residues removed. 
The final harvest for grain yield was delayed because of 
moist weather and occurred on 26 February. Vines from 2.25 m2 were 
... , -
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counted, pulled and stored in calico bags for later threshing in a mini-
thresher. - -In additi on, twenty-five plants- were harvested and treated 
in the same manner as those for the green pea harvest. Correlation 
among the components of yield was assessed for all treatments, and 
separately for all irrigated and dryland treatments. Harvest index (HI) 
~nd nitrogen harvest-index (NHI) were calculated from the ratio of seed 
dry matter and nitrogen to total dry matter and nitrogen., Samples for 
nitrogen analysis were not bUlked. The remaining mature pea vines and 
,barley plots were threshed on March 7, 1980, and residues removed. 
Barley yield was calculated from two headed areas, each 44 x 1.5 m. 
Due to the loss of barley samples (after seed weights were recorded), 
harvest index was estimated to be 0.50 and nitrogen in straw and grain 
were estimated to be 0.6 p~r cent (Rhodes, 1980) and 2.0 per cent 
CDrewitt and Smart, 1981) respectively. 
Nitrogen translocation from above-ground 'vegetative organs 
to seeds was calculated from the difference between seed nitrogen and 
uptake of'nitrogen'between flowering and final harvest. Thus the per-
centage of seed nitrogen which came from translocation was estimated by 
% of seed N from translocation = 
Seed N - (total above-groundN at final harvest - N at flowering) x 100 
Seed N 
3.2.7 Tama Ryegrass 
The trial area was sprayed with glyphosate at 1.6 1 ha- l 
on March 10, 1980, and Tama ryegrass was direct drilled at 45 kg ha- l , 
. across the plots, using a 1.5 m Duncan drill on March 11. After the rye-
grass emerged on 20 March, 1980, all pea seeds, pods and weeds were removed 
2 from 31m quadrats in each plot, including those which had grown barley. 
Thus pea roots and nodules were the only components able to influence 
i 
I • 
I, 
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subsequent crop growth. The possible influence of above-ground residues 
was estimated by-measuring nitrogen in these residues. Theryegrass was 
2 harvested to ground level on 5 and 6 June, 19BO, from 3 0.1 m quadrats 
from each cleared area. Green weights were recorded and subsamples 
taken for dry matter and per cent nitrogen. Remaining uncut areas in 
each pegged quadrat were cut to ground level and harvested material was 
removed. Regrowth was harvested on 21 and 22 August, 19BO, and dry 
rna tter recorded. 
3.2.B Estimate of Nitrogen Fixation by Nitrogen Balance 
At the green pea harvest, nitrogen removal in seed and non-
seed residues was calculated from three plants in each plot which were 
partitioned into stem, leaf, pod and peas. The vined pea yield at this 
harvest was unsuitable because of losses of small seeds in the mini-viner. 
The nitrogen balance at crop maturity was based on seed and residue 
yields from 2.25 m2. 
3.3 RESULTS 
3.3.1 Soil MOisture and QUitk Test 
The season was atypical in that a very heavy rainfall (lOB mm) 
occurred 51 days after sowing, 10 days after the start of flowering 
(Figur~ 3.1). A rainfall of this type is likely to occur every 20 years 
(Christchurch Meteorological Service, pers. comm.). This rain markedly 
reduced the expected irrigation response and is likely to have caused 
leaching of nitrogen particularly in previously irrigated plots. The 
potential soil moisture deficit increased rapidly during December and had 
reached 170 mm when this rainfall occurred (Figure 3.1). Because straw 
had no effect on soil moisture levels, only the main effect of irrigation 
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is shown (Table 3.1). 
Table 3.1: Soil moisture as per cent of dry weight (1979/80, a - 20 cm). 
.. . 
Days after flowering 
Treatm~nt 
41 51 55 62 66 69 76 
Irrigation IO Mean 10.8 * 30.0 17 .8 15.0 14.1 44.1 5-
x (0.4) (1.3) (0.3) (1. a) (0.1) (O.3) 
II 11. 5 30.0 17.9 22.6 19.0 19.4 
S7 (O.4) (1. 3) (0.2) (O.5) (0.7) (O.2) 
x 
(* = 108 mm rainfall) 
. Results from M.A.F. quick test analyses are presented in 
Table 3.2. 
Table 3.2: Soil pH and quick test nutrient concentrations (0 - 20 cm). 
pH Ca K p Mg 
5.4 8 6 16 18 
3.3.2 Effect of Straw on Soil Nitrate and Nodulation 
The incorporation of straw reduced available soil nitrate 
by 50 per cent in the top 20 cm between 14 and 77 days after sowing 
(Table 3.3). The effect of straw in reducing nitrogen availability was 
less at lower profile depth (20 - 60 cm) but reductions in mineral nitro-
gen because of irrigation became significant in the lower profile after 
70 days. The presence of straw had caused an increase in nodule numbers 
per plant from 5 (SX 1.0) to 12 (Sx 1.7) 24 days after drilling. 
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Table 3.3: Available soil nitrate (ppm N). 
Days after drilling 
Treatment o - 20 cm 
14 22 29 36 63 70 77 85 92 99 
Straw So 34* 37* 34* 39 13 11 14 6 12 8 
SI 18 19 15 20 9 6 4 7 10 7 
Irrigation I 22 32 13 9 15 8 10 11 
0 
II 27 27 9 9 2 5 11 5 
LSD. 05 11.0 9.8 10.0 20.0 8.5 8.8 16.0 3.5 4.2 10.8 
CV 19.6 15.6 19.0 30.5 34.6 45.8 81.1 25.6 17.5 64.2 
No significant interactions 
20 - 60 cm 
Straw So 17 15 13 14 7 7 5 5 8 
SI 16 11 11 11 7 5 6 5 8 
Irrigation I 14 12 16 8 8* 7* 7* 10* 
0 
II 12 13 9 6 3 4 4 6 
LSD. 05 6.0 9.8 3.9 9.6 3.3 3.8 1.6 2.3 3.3 
CV 16.6 34.0 14.6 35.0 21.2 29.7 13.5 19.0 19.1 
No significant interactions 
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3.3.3 Dry Matter Accumulation and Plant Population 
Dry matter was analysed both for individual plants and on a 
unit area basis but only the area results are presented. As assessments 
of fertil ity changes were made on an area basis with Tama ryegrass, 
individual plant data did not add significantly to understanding. 
Plant population counts taken 27 days after drilling showed 
no significant differences between treatments, with an even population of 
155 plants m2 (CV = 13.5%). At the first two harvests, dry matter 
production was not significantly affected by straw, but 57 days after 
drilling a highly significant positive response was measured (Table 3.4). 
Th,e interaction of S x L for dry matter showed that in the presence of 
straw, yield was reduced by late nitrogen whereas without stra~yield 
increased. Plant population responded similarly (Table 3.5). Irrigat-
ion significantly increased plant dry matter by final harvest (Table 3.4). 
Nitrogen applied at nodule formation had no effect on plant dry matter. 
3.3.4 Green Pea Yield and Components of Yield and Seed Yield 
at Final Harvest 
Irrigation increased green pea yields by 19 per cent and 
delayed maturity, as measured by tenderometer readings. Late nitrogen 
increased yield of green peas with irrigation, but had no effect without 
irrigation (Table 3.6). 
Final seed yields were increased with irrigation by 12 per 
cent (Table 3.7). Seed weight was increased by straw and reduced by 
nitrogen applied at nodule formation and at flowering. Irrigation did 
not influence seed weight but pods per plant were increased by 18 per cent. 
The correlation matrices and levels'of significance for the 16 plots 
without and 16 plots with irrigation are shown in Table 3.8. Leve 1 s of 
significance were reduced when components of yield and seed yield were 
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Table 3.4: The effect of treatment on the dry matter of \'/hole tops 
(g OM m- 2). 
Days after sowing 
Treatment 24 43 57 74 105 
Vegetative Fl oweri ng ~lid-pod Green Ma turity fi 11 pea 
Straw So 37.9 139 313** 487 
SI 34.4 142 339 439 
Nitrogen EO 139 335 454 
early 
El 141 317 473 
Nitrogen LO 141 327 465 
late 
Ll 139 325 462 
Irri gati on II 140 331 469 
II 141 321 457 
LSD. 05 13.7 13.7 19.2 76.0 
CV 21.9 19.5 11.7 32.6 
Si gnifi cant 
interactions: 
None None SxL* None 
So LO 302 
1 324 
SI LO 351 
1 326 
LSD. 05 27 
Table 3.5: The.interaction between straw and nitrogen applied at 
flowering on plant density at mid-pod fill. 
P'lants m- 2 
Straw 
.. 
So SI 
Nitrogen LO 154 163 
late 
Ll 159 148 
CV 1.1. 3 LSD. 05 12.5* 
555 
535 
539 
551 
555 
535 
518* 
571. 
42.0 
9.45 
Table 3.6: The effect of treatment on marketable green pea yield 
and mean tenderometer reading (TR) 74 days after sowing. 
Green pea 
Treatment yield TR 
(gm-:-2) 
Straw So 607 . 113 
Sl 625 115 
Nitrog~n EO 618 115 
early 
E1 614 113 
Nitrogen l 607 115 
1 ate 0 
II 625 113 
Irrigation 10 561** 116** 
II 670 112 
lSD. 05 29.1 2.9 
CV 9.4 5.1 
Significant 
interactions: None lxI* 
IOlO 569 
. 
II 554 
I1 l 0 644 
II 696 
lSD. 05 40.1 
73 
'.:.-.:";-,-:-,',--
74 
Table 3.7: The effect of treatment on components of yield and final 
pea grain yield. 
Treatment Plants Pods Seeds 1000 seed Seed yield 
m- 2 -pl ant- l pod- l weight (g) (g m- 2) 
Straw So 133* 2.3 4.72 236** 327 
51 123 2.5 4.36 245 322 
Nitrogen EO 126 2.3 4.62 245** 318 
early .' 
El 130 2.5 4.45 235 331 
Nitrogen LO 130 2.3 4.61 245** 331 
late 
Ll 126 2.5 4.47 235 318 
Irrigation IO 131 2.2* 4.48 240 305** 
II 125 2.6 4.59 241 343 
Barley 371 
LSD. 05 8.6 0.2 0.50 5.4 21.0 
CV 8.9 13.8 14.8 3.0 9.06 
Significant 
interactions: None . None ExL* ExS* None 
LOEO 4.95 SOEO 238 
El 4.27 El 233 
LI EO 4.29 SI EO 253 
El . 4.64 El 237 
LSD. 05 0.71 LSD. 05 7.6 
. -. 
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correlated without regard for irrigation effects (32 plots). At both 
irrigation levels, seed yield was positively and signifi~antly correlated 
with plant density. Pods per plant and seeds per pod were negatively 
correlated. 
Table 3.8: Correlation matrices for components of yield, a) without 
irrigation and b) with irrigation~ 
a) 1 Plants m -2 1.00 
2 Seed weight -0.40 1.00 
3 Pods plant -1 0.08 -0.18 1.00 
4 Seeds pod- 1 -0.10 -0.02 -0.80** 1.00 
5 Seed (g m- 2) 0.59* -0.29 0.31 0.15 1.00 
1 2 3 4 5 
b) 1 Plants m -2 1.00 
2 Seed weight 0.08 1.00 
3 Pods plant- 1 -0.05 -0.10 1.00 
4 Seeds pod-1 -0.19 -0.23 -0.68** 1.00 
5 Seed (g m- 2) 0.49 0.11 0.02 0.39 1.00 
1 2 3 4 5 
3.3.5 Rates of Nitrogen Fixation 
Nitrogen fixation (C2H2) activities were very low (Table 
3.9) and are presented on a per plant basis, from assays conducted in 
1 1 jars. When diluted to 10 1, the amount of ethylene in gas samples 
from buckets was not measurably different between treatments, and results 
are not presented. The ethylene measured from assays in jars was always 
less than 1 umole C2H4 plant-
1 h- 1 These low values do not reflect the 
effect of time on vial storage as storage did not significantly influence 
- .. -.-
- .. "-~', "'-,"-
\ . 
Table 3.9: The effect of treatment on the ethylene production 
(nmoles C2H4 plant- l h~I)~ 
Days after sowing 
Treatment 31 38 . 55 69 
Straw So 21* 672 70** 269* 
SI 55 569 261 407 
Nitrogen EO 58* 643 222 377 
early 
El 17 598 109 300 
Nitrogen LO - - 198 400 
late Ll 133 277 - -
Irrigation 10 - - 148 113** 
II - - 184 563 
LSD. 05 33 457 87.8 170 
CV 75.0 62.0 70.8 65.6 
Significant 
interactions: None None Ex5** None 
50EO 77 
El 63 
SI EO 366 
El 156 
LSD. 05 124 
76 
85 
15 
17 
9 
24 
12 
20 
9 
23 
19 
155 
LxIx5*~ 
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values of ethylene produced (Figure 3.2). 
-Thi rty'-one days after dri 11 i ng, straw increased nitrogen . 
fixation and early nitrogen depressed fixation. Although differences 
were insignificant 38 days from ~o~ing, at 55 days there was a significant 
E x S interaction (Table 3.9). Without straw, early nitrogen had no 
effect, but with straw, early nitrogen decreased fixation. Irrigation 
increased nitrogen fixation 69 days after sowing. All rates of nitrogen 
( -1 -1) fixation were very low less than 23 namomoles C2H4 plant 'h 85 days 
from sowing and although there was a significant L x I x S interaction, 
very low rates made this unimportant. Total nitrogen fixation estimated 
from acetylene reduction' was 0.6 and 0.4 g N m- 2 in irrigated and dryland 
treatments respectively. 
3.3.6 Plant Nitrogen and Translocation 
The presence of straw increased nitrogen in whole tops during 
mid-pod fill (57 days after sowing) but in the E x S and I x S inter-
actions, highest nitrogen yields were observed in the presence, or absence 
of both factors (Table 3.10). The E x I x S interaction at the green pea 
stage (Table 3.11) showed that with the addition of irrigation from 
flowering and incorporation of straw, the absence of early nitrogen gave 
maximum nitrogen yield. With irrigation but in the absence of both straw 
and early nitrogen, yield was depressed from that obtained with early 
nitrogen. Differences without irrigation were not significant. Plant 
residues, from control plots, contained 6.8 g N m-2 at the green pea harvest. 
At the final harvest, an L x I interaction showed that in 
the presence of late nitrogen, applied at flowering, irrigation signifi-
cantly increased nitrogen yield, whereas without this nitrogen, irrigation 
reduced yield. The nitrogen concentration of the peas showed a similar 
interaction (Table 3.12). The amount of nitroge~ at final harvest in 
5-
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(Vial storage (days after assay) 
- Figure 3.2: The effect of vial storage on ethylene 
production (curve fitted by eye). 
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Table 3.10: The effect of treatment on nitrogen in whole tops (g N m- 2). 
Days after sowing 
Treatment 43 57 74 105 
Flowering Mid-pod Green pea Maturity fi 11 
Straw So 5.34 9.6* 13.7** 17 .3 
Sl 5.32 10.6 16.0 17.2 
Nitrogen EO 5.22 10.2 15.2 16.7 
early 
E1 5.44 10.0 14.6 17.7 . 
Nitrogen LO 5:59 9.9 14.6 17.3 late 
L1 5.07 ·10.3 15.1 17.1 
Irrigation 10 5.25 10.0 14.0* 16.5 
11 5.41 10.2 15.7 17.9 
LSD. 05 1.13 0.9 1. 50 2.89 
CV 28.0 17.7 20.0 22.4 
Significant 
, interactions: None ES** EIS* LI** 
IS** 
SOEO 10.6 LOIO 18.7 
E1 8.7 11 16.0 
Sl EO 9.9 L1 IO 14.3 
El 11.2 11 19.9 
SOlO 10.1 
II 9.2 
5110 9.9 
II 11. 2 
LSD 
.05 1.27 LSD. 05 4.08 
I 
.... '. - ,,_.-
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Table 3.11: The interaction of early nitrogen (E), irrigation (I) and 
straw (5) on nitrogen in whole tops at the green pea harvest. 
10 II 
SOEO 13.0 13.2 
E1 12.7 16.0 
SlEO 15.4 19.2 
E1 15.0 14.6 
LSD. 05 2.99 
CV 20.0 
Table 3.12: The effect of treatment on nitrogen concentration (% N) . 
in, plant components at final ha.rvest. 
Treatment Stem· Leaf Pod Peas 
Straw So 0.91* 2.45 0.57 3.72 
51 0.97 2.63 0.65 3.69 
Nitrogen EO 0.96 2.34** 0.52** 3.76 
early E1 0.92 2.74 0.70 3.65 
Nitrogen LO 0.93 2.57 0.60 3.65 
late L1 0.92 2.51 0.62 3.76 
Irri gation 10 0.96 2.53 0.58 3.76 
II 0.92 2.55 0.:64 3.65 
LSD. 05 0.05 0.26 0.11 0.14 
CV 7.5 13.9 24.1 5.2 
Significant 
1 interactions: ExLxI** None IxS* ExI* 
ExS* LxI* 
10 II 
LOEO 0.90·· 1.07 SOlO 0.60 EOlo 3.73 
E1 1. o~ 0.75 II 0.54 II 3.79 
L1EO 0.97 0.92 5110 0.56 Ella 3.79 
E1 0.93 0.96 II 0.73 II 3.50 .. 
SOEO 0.55 Lola 3.79 
E1 0.59 II 3.51 
SlEO 0.50 LIla 3.74 
E1 0.80 II 3.78 
LSD. 05 0.10 LSD. 05 0.16 LSD. 05 0.20 
.. : 
-
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stem, leaf, pod and peas (Table 3.13) was influenced by the nitrogen 
concentration of these components- (Table 3.12)-. Although a number of 
interactions were present in the stem, 1 ea f and pod fractions, the NHI 
(nitrogen harvest index) of more than 80 per cent reduced their import-
ance. The effect of treatments on the nitrogen yield of seeds was more 
important. Seed nitrogen (g N m- 2, was highest "in the presence of 
both or absence of both irrigation and nitrogen applied at flowering 
(Table 3.13). Plant residues, from contro1 plots, contained 2.7 g N m- 2 
at the final harvest. 
Nitrogen that was translocated from stem, leaf and pods to 
se"eds was less- than 21 per cent (in the £ x I interaction) of the total 
seed nitrogen at maturity (Table 3.14). Similar E x I interactions were 
oDserved for actual levels of nitrogen translocated "and the percentage of 
seed nitrogen which came from translocation. When plants were irrigated 
and received early nitrogen, the percentage of seed nitrogen which came 
from translocation was only 7.6. The translocation was highest without 
irrigation and with early nitrogen~ Without early nitrogen, irrigation 
had litt1e effect-on the percentage of the nitrogen "from translocation. 
The NHI at green pea showed an Lx I x S interaction, where 
the greatest NHI was observed without straw and late nitrogen, but with 
irrigation. At both green pea and crop maturity early nitrogen reduced 
NHI, but late nitrogen had no effect. At maturity, in the presence of 
straw, early nitrogen reduced NHI; however, without straw there were no 
significant differences (Table 3.15). 
3.3.7 Tama Ryegrass 
The direct-drilled ryegrass established well and grew at a 
-2 -1 mean rate of 2.67 g m day from sowing to the first harvest, and at 
-2 -1 2.24 g m day from the first to the second harvest. Growth rates in 
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Table 3.13: Partitioning of nitrogen at final harvest. 
Treatment Stem Leaf Pod Peas 
(g N m- 2) 
Straw So 0.86 1. 21 0.45 14.8 
SI 0.92 1.29 0.58 14.4 
Nitrogen EO 0.86 1.07* 0.39* 14.4 
early 
El 0.92 1.43 0.65 14.8 
Nitrogen LO 0.89 1. 28 0.57 14.6 
1 ate 
Ll 0.89 1. 22 0.46 14.5 
Irrigation 10 0.83 1. 22 0.44 14.1 
11 0.95 1. 28 0.60 15.1 
LSD. 05 0.14 0.28 0.26 2.50 
CV 21.6 30.0 67.0 22.9 
Significant 
interactions: ExLxl* Lxl* None Lxl** 
10 11 
LO EO 0.82 0.91 LOIO 1.42 LOIO 15.9 
El 1. 03 0.79 II 1.13 11 13.4 
Ll EO 0.76 0.95 LI IO 1.01 LI 10 12.3 
EI 0.70 1.15 II 1.43 II 16.8 
LSD. 05 0.29 LSD. 05 0.40 LSD. 05 3.54 
Table 3.14: Translocation of above-ground plant nitrogen to seeds 
(mg N plant-I) and the percentage of seed nitrogen 
which came from translocation. 
Translocation Percentage of seed N from 
of nitrogen 
(mg N plant-I) translocation 
Straw So 16.7 14.8 
51 15.1 13.5 
Nitrogen EO 17 .1 14.1 
early 
E1 14.7 14.1 
Nitrogen La 17 .0 14.4 
late 
L1 . 14.8 13.8 
Irrigation 10 17 .1 17 .0 
II 14.7 11.2 
LSD. 05 7.20 6.79 
CV 59.7 63.5 
Significant ExI* ExI* interactions: 
EOIO 14.4 EOIO 13.4 
II 19.8 II 14.9 
Ella 19.9 Ella 20.7 
II 9.6 II 7.6 
J LSD .05 10.2 LSD. 05 9.6 
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Table 3.15: Nitrogen harvest index at green ceQ and maturity. 
Treatment Nitrogen harvest index 
Green pea Maturity 
Straw So 0.46 0.85 
-
Sl 0.47 0.84 
--
Nitrogen E 
·0 0.49** 0.86** 
early E1 0.45 0.83 
Ni trogen -__ La 0.47 0.84 
1 ate L1 0.46 0.85 
Irrigation 10 0.45 0.85 
II 0.48 _ 0.84 
LSD. 05 0.026 0.017 
CV 11.0 2.7 
Significant 
interactions: LxlxS* ExS* 
10 II 
SOLO 0.43 0.51 SOEO 0.86 
L1 0.45 0.45 El 0.85 
SILO 0.48 0.47 SlEO 0.87 
L1 0.46 0.48 E1 0.81 
LSD. 05 0.05 LSD. 05 0.024 
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ryegrass growing after barley were 2.07 and 1.86 g m- day respectively. 
Thus-at the first harvest-the-ryegrass yield after peas was 29 per cent 
higher than after barley. Tne addition of early nitrogen increased 
growth and nitrogen uptake in ryegrass, whereas late nitrogen had 1 ess 
effect (Table 3.16). 
action. 
Nitrogen yield of ryegrass showed a significant I x S inter-
In the presence of straw, irrigation of the peas nad little 
effect, but without straw, irrigation reduced nitrogenyi~l~~ The E x I 
interaction indicated tnat in the presence of early nitrogen, irrigation 
reduced nitrogen yield of ryegrass to a greater extent than without early 
ni trogen. Nttrogenconcentrations of ryegrass were above 2.76 per cent 
nitrogen after peas, but after barley the concentration was 2.36 per 
cent nitrogen. Hi~hest nitrogeh concentrations were recorded for the 
plots which were not irrigated but had received late nitrogen. 
At the second harvest, a significant L x H interaction 
showed that at the green pea harvest, late nitrogen reduced dry matter 
yield whereas when plots were harvested at crop maturity, late nitrogen 
increased ryegrass growth. 
3.3.8 Estimate of Nitrogen Fixation by Nitrogen Balance 
d -2 Nitrogen fixation was estimate to be 4.5 and 7.5 g N m 
for green and dry pea crops. This was 36 and 49 per cent of the total 
above-ground nitrogen respectively (Table 3.17). 
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Table 3.16: Dry matter production and nitrogen concentration and yield 
of Tama ryegrass after peas and after barley, 87 days after 
sowing; -and dry matter production 163 days after sowing. 
Days from sowing 
Treatment 87 87 87 163 
(DM gm-2) (N gm-2) (N %) (DM g m- 2) 
Straw So 227 7.4 3.20 165 
51 238 7.6 3.19 176 
Ni trogen EO 222* 6.7** 3.01** 176 
early 
El 243 8.3 3.38 165 
Nitrogen La 229 7.2 3.10* 168 late 
Ll 235 7.8 3.29 173 
Irrigation 10 239 8.4** 3.51** 175 
II 226 . 6.5 2.89 166 
Harvest i-HG 
I 
242* 7.8* 3.21 170 
-
---
I 
--HD'I 223 7.2 3.18 171 
--
Ba rl ey 181 4.3 2.36 141 
LSD. 05 14.2 0.6 0.17 12.0 
CV 11. 9 16.6 10.80 13.9 
Significant 
interacti ons: IxSxH* Ex I":" LxI** LxH* 
IxS** IxS** 
EOIO 7.3 Lola 3.24 HG La 174 
II 6.1 II 2.96 L1 166 
"-
Ella 9.6 LIla 3.77 HD La 161 
II 7.0 L1I1 2.81 L1 180 
SOlO 8.9 SOlO 3.65 
II 5.8 II 2.76 
.. 
5110 7.9 5110 3.36 
II 7.2 II 3.02 
LSD. 05 0.9 0.25 17.0 
I 
I 
j 
I 
I 
I 
.......... 
. . . 
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Table 3.17: Total nitrogen fixation estimated by nitrogen balance. 
F>eas harvested: 
Green Mature Barley 
(g N m -2 control plots only) ; 
N inputs: 
Seed 1.4 1.4 0.3 
N removal: 
Seed 5.8 13.1 7.4 
Residue 6.8 2.3 2.2 
Subtota 1 12.6 15.4 9.6 
Ryegrass 6.9 7.1 4.3 
Total N removal 19.5 22.5 13.9 
Net N yield 18.1 21.1 13.6 
(remova 1- inputs) 
, 
Calculated N fixed 
(net N yield for peas - 4.5 7.5 
net N yield barley) 
Per cent of plant N from 36 49 
fi xati on 
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3.4 DISCUSSION 
3.4.1 Effect of Peas on Soil Fertility 
This trial has shown that ryegrass produced 28 per cent more 
dry matter and 65 per cent greater nitrogen yield after peas compared 
with barley. A similar result has been reported for a lower fertility 
soil (Rhodes et al., 1982) and differences in ryegrass yield were 
attributed to changes in soil nitrogen status. The extent to which peas 
may restore or deplete soil nitrogen depends on' the amount of nitrogen 
which they'are .ab1eto obtain from the soil. If this is high, as in 
pea crops following'grazed'ryegrass!white clover pasture, then nitrogen 
fixation may be low, and a net decline in nitrogen status in the soil 
will occur. If fertility is low, almost all pea nitrogen requirements 
will come from fixation and a net increase in soil fertility may occur 
during breakdown of crop residues. A fallow treatment would be required 
to measure the absolute depression in fertility, but in this trial the 
reduction was markedly less after peas than after barley. Peas relied 
on soil nitrogen for more than half of their total nitrogen (Table 3.17), 
and thus if nitrogen is taken as a major' index of soil ferti 1 itY, peas 
reduced soil fertility. Canterbury farmers, however, generally expect 
peas to enhance fertility. The greater y.ie1d of Tama after peas com-
pared with that after barley does not, however, allow for the overall 
loss of soil nitrogen which occurs when peas are grown. 
At the second ryegrass harvest yield differences after peas 
and barley were reduced (Table 3.16), and Rhodes (1980) also noted that 
differences were reduced with time. He postulated that this was due to 
an inadequate availabil,ity,of soil nitrogen, but reduced light and cooler 
temperatures depressing growth are also plausible factors. 
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Differences in subsequent crop yield after peas or cereals 
are likely to be greater when pea residues are returned to the soil as in 
-2 this trial they contained 6.8 and 2.7 g N m at green and dry pea harvests 
respecti ve ly. Residues were removed to simulate the effect of baling or 
burning, but the effect of residue return on soil fertility requires 
.. further i~vestigation." Nitrogen release from the roots at either stage 
of maturity was similar, as snown by the small difference between yields 
of ryegrass from green pea and dry pea plots. 
The translocation of plant nitrogen to seeds is important 
for two reasons. Firstly, the high seed nitrogen demand may limit yield 
by the self-destruct mechanism outlined by Sinclair and de Wit (1976), 
and secondly, the residues, depleted of nitrogen~ may reduce nitrogen 
return to the soil and possibly "immobilise nitrogen during decomposition. 
Translocation of above-ground plant nitrogen to seeds (Table 3.14) may 
have been underestimated because flowering, and not the start of seed 
growth was used as the basis for the calculation (Withers et al., 1981). 
Thus the importance of translocation, as it influences seed yield, is 
difficult to assess. Applying nitrogen fertiliser at nodule formation 
to subsequently irrigated peas reduced translocation, however the reason 
for this is not clear. 
The discrepancy between estimates of nitrogen fixation based 
on acetylene reduction or the nitrogen balance technique highlights the 
importance of cross checking between techniques. Frequent acetylene 
reduction assays are also necessary to more reliably estimate seasonal 
fixation. The nitrogen-fixing activity is likely to have increased very 
rapidly between 38 and 51 days after sowing, as other authors have 
observed rapidly increased fixation "during late vegetative and early repro-
ductive stages (Sosulski and Buchan, 1978; Dean and Clark, 1980). It is 
unfortunate that this was unable to be quantified as the in situ assays 
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were unsuccessful owing to ethylene dilution. Levels of activity were 
low but_ this was unlikely to have been caused by vial storage (Figure 3.2). 
Diurnal variation in nitrogen-fixing activity, however, may have signifi-
cantly altered the time of mean daily activity and the diurnal cycles 
observed later (Chapter 6) show the need to assess this. Changes in the 
molar ratio-of acetylene reduced ~o nitrogen fixed may also have contri-
buted to error. In further studies, isotopic techniques, use of ureide 
analysis (Herridge, 19S2a, b) and nodulating and non-nodulating isolines 
of peas, which are presently unavailable (Herridge, 19S2c), would indicate 
the proportion of plant nitrogen which came from soil nitrogen. Back-
gr.ound mineralisation and the assessment of nitrogen losses by leaching 
should also be determined from fallow plots, when nitrogen balance studies 
are used to measure nitYogen fixation. 
3.4.2 Irrigation 
The 19 and 12 per cent increase in green and dry pea seed 
yields due to irrigation were much smaller than those frequently observed 
in Canterbury because of high rainfall (lOS mm) 10 days after the startof 
flowering. Mean increases in green pea yield of as high as 204 per cent 
have been obtained by Stoker (1973) on a soil with low~r plant available 
water than that used here. Even on more water-retentive soils (Temple-
ton silt loam), irrigation gave a mean increase over three seasons of 74 
per cent in mature seed yield. Rainfall was 23 per cent less than normal, 
which may have contributed to this (Stoker, 1977). Further studies 
(Anderson and White, 1974; White et ai., 19S2) have confirmed that in much 
of Canterbury, substantial responses to irrigation can be obtained in 
yield of spring-sown peas, and that these responses will be greater on 
shallow soils with less stored moisture. Thus although this trial was 
sown late to increase nitrogen fixation and dry matter responses to 
irrigation, the abnormally high rainfall reduced the expected response. 
' ... -- . __ .... 
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The intense storm 10 days after the start of flowering also 
reduced nitrogen fixat ion i n-a 11 treatments . The severe phys ica 1 injury 
the plants sustained probably caused the reduction by reducing photo-
synthesis and carbohydrate supply to the nodules. It is almost certain 
that this reduction in fixation was not due to waterlogging (Jackson, 
1979) as thesoiLi.s-free draining.andirrigationincreased fixation by 
24 per cent only four days after the storm (Table 3.9). Plants rapidly 
recovered and it is probable that' nitrogen fixation rates also increased 
rapidly due to leaching of soil nitrate (Table 3.3) and adequate moisture. 
Although small, the seed yield response to irrigation can be 
attributed -to an 18 percent- increase in pod set, while other parameters 
remained relatively constant. Other researchers have shown increases in 
all Gomponentsof Yield from irrigation (Stoker, 1973, 1977; Anderson and 
White, 1974; White et al., 1982) but in this trial, pod number may have 
been increased by reduced floret abortion during the 10 days of irrigation 
between the start of flowering and the rain. Salter (1963) also observed 
a similar increase in pods per plant from two irrigation treatments which 
were similar-to the dryland and irrigation treatments in this trial. As 
plant size and plant area may also influence floret abortion (Falloon and 
White, 1980) the interaction between soil moisture and leaf area on pods 
per plant merits further attention. 
From the detailed studies reported below, the population 
established in this trial (128 plantsm-2) was sufficient to give optimum 
yields. In Canterbury, White and Anderson (1974) showed for irrigated 
-2 ' peas grown at five densities between 52 and 358 plants m that when irri-
-2 gated, maximum yields of green peas occurred at 182 plants m although 
. without irrigation yields did not increas~ significantly above 90 plants 
-2 m' When the sameplnts were harvested as seed peas, although differ-
ences in yield -were not large, the optimum density occurred between 105 
-2 and 182 plants m . On a shallow Lismore soil in Canterbury, Stoker 
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-2 (1975) found optimum densities increased from 71 plants m under dryland 
conditions to 121 plants m-: 2 with frequent border;.;.dykeirrigatlon. 
Pods per plant, seeds per pod and 1000 seed weight are 
sensitive to variations in moisture status and population (White and 
Anderson, 1971; Stoker, 1973, 1975). A detailed analysis of components 
of yield in peas by Hardwick and Mil bourn (1967) showed that the number 
of pods at each node is of considerable importance in determining final 
yield. Hill et al. (1977), in a season of above-average rainfall, 
measured 10 pods plant-1 with garden peas sown at 66 plants m- 2. In 
this trial, the number of pods per plant was low and the greater plant 
de'nsitywould have contributed to this. The irrigation response also 
suggests that inadequate water limited this component. Water stress 
during flowering-has been shown to cause abscission of one third of the 
flowers and young pods in Phaseolus vulgaris (Stoker, 1974). Abscission 
in this trial was not measured but the heavy rainfall and wind may well 
have contributed to reduced pod set in all treatments. Pods per plant 
and seeds per pod \vere negatively correlated suggesting that competition 
within individual plants limited the total number of seeds that were able 
to develop on each plant. Mature seed weight is frequently less affected 
by irrigation and density treatments than other components (Stoker, 
1977; White et al., 1982) and in this experiment it was the least import-
ant component of final yield. 
3.4.3 Straw Incorporation 
Although straw halved available soil nitrate during vegetat-
ive growth, final yield of peas was unaffected. This was due to both 
generally adequate levels of soil nitrate even in the presence of straw 
(Table 3.3) and compensation for reductions in soil nitrate by increased 
reliance on symbiotic fixation. Plants grown with straw were initially 
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paler in cglour and had increased nodule number than those without, 
which is almost-certainly due to a temporary nitrogen deficit in the 
soil. The effect of straw in reducing soil nitrate levels is well known 
and has been demonstrated in both greenhouse (Waddington, 1978) and field 
trials (Russell, 1973). Thornton (1929) showed that nodulation in soy-
beans was enhanced by straw, as in this trial, \'Ihile recently trials 
(Shivashankar et al., 1976a~ Shivashankar and Vlassak, 1978) also showed 
straw increased nitrogen fixation and final yield of soybeans. Straw 
contains polysaccharides which are suitable for the rapid multiplication 
of rhizobia (Russell, 1973) which \'Iould enhance fixation, thus countering 
-nitrogen immobilisation. 
During straw decompo~ition, soil micro-organisms evolve. 
carbon dioxide (Sorenson, 1979) and increased levels of carbon dioxide 
have frequently enhanced photosynthesis in soybeans (Hardy and Havelka, 
1976; Finn and Brun, 1981, 1982). In general, however, soil respiration 
contributes only 12 per cent of the total carbon dioxide assimilated by 
the crop (Krzysch, 1972, quoted in Shivashankar et al., 1976b) and in the 
windy Canterbury environment, the effect on photosynthesis from straw 
decomposition would be minim~. 
3.4.4 Nitrogen Fertiliser 
Pate (1976) considered that nitrogen applied at nodule 
formation and during fruiting may benefit pea development. The observed 
green pea yields support some use of nitrogen appl ied at flowering (Table 
3.6) \'Jhen fixation was unable to supply all plant requirements. Dryland 
green pea yield was limited by insufficient water and showed no response 
to nitrogen. In contrast, nitrogen deficiency limited irrigated peas as 
shown by the eight per cent increase in yield of irrigated green peas 
after nitrogen was applied at flowering. Irrigation increases plant 
demand for a range of nutrients, including nitrogen (Rasmussen and Pumph-
rey, 1977} and in this trial, nitrogen supply would have been further 
reduced by leaching after the rainfall. 
Nitrogen-fixing activities were always low, at less than 
-1 -1 700 nmo1es C2H4 plant h ,because of the high levels of available 
nitrogen in the soil. Fertiliser nitrogen further reduced nitrogen-
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fixing··ac-tivity(Tab1e 3.9}. The inverse relationship between fixation 
and soil nitrogen uptake explains the absence of a nitrogen response in 
seed yield (Table 3.7). Nitrogen fertilisers normally reduce nitrogen 
fixation in peas, but fixation may be stimulated when low levels are 
used (Oghoghorie and Pate, 1971). If so, this gives rise to bimodal 
responses in nitrogen yield where increased growth and fixation result 
from a small addition of nitrogen fertiliser. Further increases in 
nitrogen actively replaces nitrogen from fixation .. Although bimodal 
responses may have occurred, they were not important because of the high 
fertility. Nitrogen-fixing activity increased very rapidly between 31 
and 38 days (Table 3.9) and is likely to have continued to increase 
rapidly for another 13 days until the storm. The increase in growth and 
hence demand for nitrogen wou1 d account for the majority of thi s increase, 
as does the increase in soil temperature (Figure 3.1), which would 
increase fixation over the range experienced (Pate, 1977a). 
The interaction between nitrogen applied at nodule formation 
and straw in total nitrogen yield in plants at mid-pod filling (Table 
3.10) indicates the compensatory responses of peas to changes in available 
nitrogen. Nitrogen fertiliser is likely to have been divided four ways: 
some used by micro-organisms involved in the decomposition of the straw 
(Russell, 1973), some available to the peas and the remainder lost by 
leaching and volatilisation. The amount of nitrogen actually available 
-to peas,therefore,·wou1d have contributed to the initial peak in nitrogen 
yield, observed in a bimodal response. In contrast, without straw, 
nitrogen fertiliser reduced nitrogen yield. Nitrogen fixation was reduced 
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by early nitrogen (Table 3.9) but the subsequent amount of nitrogen 
. available to plants was insufficient to'compensate for the reduction in 
nitrogen fixation. Thus, without straw a greater amount of fertiliser 
would have been available and this actively suppressed nitrogen fixation 
without supplying the total nitrogen needs of the plant. 
3.5 tONCLUSIONS 
Peas depleted soil fertility, as determined by a subsequent rye-
, grass crop, less than a cereal. Approximately 50 per cent of the pea 
nitrogen requirements came from fixation. This lower demand for soil 
nitrogen appears the principal factor for enhancing subsequent crop 
growth. 
Irrigation increased pea yield, though only by 12 per cent due to 
above average precipitation. It also increased fixation, as did the 
addition of straw. Nitrogen fertiliser, and harvesting at the green 
pea stage reduced fixation. It is evident that peas are able to compen-
sate for changes in soil nitrogen status by a lteri ng demand for fi xed 
nitrogen. 
CHAPTER 4 
SOIL MOISTURE, CULTIVAR AND SOWING DATE 
INFLUENCE NITROGEN FIXATION AND GROWTH OF PEAS 
4.1 INTRODUCTION 
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It is widely recognised that drought reduces pea yields (Salter and 
Goode, 1967; Anderson and White, 1974; Jermyn and Batey, 1982; White et 
al" 1982). In Canterbury, yields are frequently increased by irrigation 
(Stoker, 1973, 1977~ Anderson and White, 1974b; White et al., 1982) and 
irrigation at flowering and pod swelling is recommended (Salter and 
~ , , 
Goode, 1967; Stoker, 1977; White et aZ.~ 1982), Although con-
siderable efforts have been made to ascertain the effect of irrigation on 
growth and yield of peas both in New Zealand and overseas, there are few 
reports of field studies which have assessed the effect of water stress 
on nitrogen fixation. In a controlled environment study on peas, Minchin 
and Pate (1975) showed either water logging or drought reduced both the 
growth and nitrogen fixation, due to reduced transport of nitrogen from the 
root to the shoot. In a field study, Mahler, Bezdicek and Witters (1979) 
grew peas on a soil catena which showed varying levels of plant available 
water. Nitrogen fixation and yield were highest in peas grown on the low 
lying soil where both soil nitrogen availability, water use and yield were 
greatest. An initial study in Canterbury (Chapter 3), assessed growth and 
nitrogen fixation under varied soil moisture and nitrogen treatments. 
A~though irrigation had the greatest influence on yield and nitrogen fixat-
ion, that trial was not designed to study responses to irrigation in detail. 
Further research is needed to show the effect of cultural and irrigation 
strategies on nitrogen fixation. 
. . ~ 
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A strategy frequently used by farms on drought-prone soils is to 
autumn-sow peas'sothat they mature before droughts occur. This practice 
may have the added benefit of allowing nodules to form in winter which are 
then able to fix nitrogen as soon as soil temperatures rise in spring. 
This trial was designed to assess the effects of autumn or spring sow-
ingon nitrogen fixation and crop development in two pea cultivars. To 
assess further the effects of sowin~ time and its relationship with soil 
moisture at flowering, the moisture regime was varied from the commencement 
of flowering for each cu1tivar and sowing date. At present, the influence 
of these agronomic practices on nitrogen fixation is not known . 
. Two cu1tivars were chosen because of their ability to withstand frost 
during the winter, and because of their contrasting flowering patterns. 
The self-destruct mechanism, which "may limit grain legume yields (Sinclair 
and de Wit, 1975), is likely to be more important in determinate, than in 
indeterminate cu1tivars. These indeterminate cu1tivars fill seeds over an 
extended flowering period and have large nitrogen reserves (Pate, 1977a). 
Partridge is an indeterminate cu1tivar, which has the potential to continue 
-nitrogen fixation during pod filling, because the slower rate of pod develop-
ment would be expected to reduce competition for assimilates between nodules 
and seeds. In contrast, the determinate cu1tivar, Whero, could be expected 
to cease nitrogen fixation shortly after the start of flowering when com-
petition for assimilate would be intense. 
4.2 MATERIALS AND METHODS 
4.2.1 Trial Site 
The trial was conducted on a Templeton silt loam soil at the 
Henley Research Farm, Lincoln College. The area had been summer fallowed 
in 1978/79, followed by autumn-sown Paroa ryegrass, which was grazed in late 
winter and the area was summer fallowed again in 1979/80. MAF quick-test 
.;., ~ .-
.,-_.,-;. 
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results were obtained in April 1980 and 5 t ha- 1 of lime was spread at the 
-el1d of Apri 1 . The a rea was grubbed tw; ce and ha rrowed pri or to -dri 11 i ng 
the autumn-sown crop. 
4.2.2 Trial Design 
A factorial design was used with the three treatments and their 
levels shown below: 
Sowing date A autumn-sown (7/5/80) 
S spring-sown (12/9/80) 
Culti var W Whero 
P , Pa rtri dg'e 
Irrigation D covered with shelters during rain from flowering to 
maturity. 
R natural rainfall throughout growth. 
I irrigated from flowering when soil moisture reached 
60% of field capacity. 
A treatment combination A W D, is therefore autumn-sown Whero kept dry from 
flowering to maturity. This format (A W D, S W I, etc.) is used in all 
tables as appropriate. 
4.2.3 Drilling and Crop Husbandry 
Seed was treated with methiocarb (3 g methiocarb kg- 1 seed) to 
deter birds from damaging the germinating seeds, and skim milk powder mixed 
to a wet paste with water, was used as a sticking agent. Inoculant gran-
ules containing R. leguminosarum were mixed with the seed until no 'further 
granules would adhere to the seed. Although peas readily form nodules with-
out inoculation, inoculum was used to ensure that fully effective rhizobia 
l- . 
, ' 
, 
I 
., 
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had every chance to form nodules. Autumn-sown peas were sown with a 1.5 m 
Duncan drill in 15 cm rows, at a rate of 140 viable seeds per m2 to allow 
for plant mortality during the winter. Spring-sown peas were sown with a 
Stanhay precision seeder to establish the same population of plants at the 
spring sowing, as was present in autumn-sown plots. The area was sur-
rounded bynett-ing to stop hare and rabbit damage. 
Weeds in autumn-sown plots were controlled by a mixture of 
metribuzine at 0.2 kg ha- 1 and methabenzthiazurone at 0.7 kg ha- 1 on 19 
August, 1980, applied at the 9 - 10 node stage, when Whero and Partridge 
were 21 and 16 cm tall respectively. Patches of Whero plots were severely 
dama~ed by the herbicide and these areas were avoided as much as possible 
for sampling purposes. On September 5, the areas for spring-sown peas 
. were cultivated with a: rotary tille'r and on September 9, a multi-tine grub-
ber with crumbler attached was used to kill weeds which had grown after 
drilling of the autumn crop. Dry conditions after drilling the spring 
crop reduced weed establishment and no herbicides were used. 
Three trickle lines were laid in plots which were to be irri-
gated at flowering. Neutron probe access tubes to allow measurement of 
soil moisture were placed in Whero plots soon after drilling. Removeable 
rain shelters (2.7 x 6 m) were erected on plots just prior to flowering. 
The shelters consisted of a permanent semi-circular framework of 17 mm 
reinforcing rod over which a clear plastic sheet could be rolled when rain 
appeared likely, and unrolled afterwards (Anderson, 1971). Shelters were 
used from 30 September 1980 to 13 February 1981. Plastic covers were 
renewed as necessary. Soil temperatures at 10 cm were measured for spring-
sown Whero in dry, rainfall and irrigated plots on 31/12/80, 1/1/81 and 
Si1/81 to assess the effect of moisture treatment on soil temperature. 
,0 ... " ..•• _ -. ,_ ~ 
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4.2.4 Soil Nitrate 
Soil nitrate was assessed at five intervals during growth.: 
drilling, vegetative and pod filling stages in autumn Whero plots and during 
vegetative and pod filling stages in spring-sown crops. Sampling depths 
were a - 20 and 20 - 60 cm from May 17 to November 1, and a - 20 and 20 - 40 
c~ from December 15. Soil samples for nitrate analysis were measured by 
Ravensdown Fertilizer Company by the method described in Appendix II. 
4.2.5 Soil Moisture 
Although neutron probe access tubes were placed in all Whero 
plots, later analysis of data obtained did not give reliable indications of 
soi 1 moi sture and only back-up grav'imetric soil moi stures are gi ven. These 
were taken before and after irrigation was applied (Figure 4.2, Appendix 
4.1) by taking 2 cores per plot at depths a - 20 and 20 - 60 cm and after 
27/11/80 at depths a - 20 and 20 - 40 cm. Sampling depths were reduced in 
the summer because of the difficulty of extracting soil cores at lower 
depths. 
Field capacity for this soil over a - 20, 20 - 40 and 40 - 60 
/ 
cm depths is 35, 25 and 27 per cent respectively on a dry weight basis. 
Wilting point at -15 bars is 15, 15 and 11.5 per cent at the respective 
depths (Hussein, pers. comm.). Irrigated plots were kept between 60 and 90 
per cent of field capacity, but the first irrigation of autumn Whero and an 
irrigation of spring Whero exceeded this (Figure 4.2). 
4.2.6 Sequential Harvests 
Sampling dates were timed to reflect particular growth stages, 
and sampling methods were changed to allow for both increased plant variab-
ility and the difficulty of sampling plants which grew up to 3.5 m long. 
-. <-, >1....: -., 
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All treatments were sampled at flowering so that later analysis of dry 
matter could-compare plant size, nitrogen concentration and nitrogen yield 
for the different cultivars and sowing times at a particular growth stage 
other than maturity. Estimates of nitrogen fixation (C2H2) from spring 
and autumn crops were analysed separately. 
For the autumn sowing, four initial harvests were conducted to 
assess nodulation and the start of nitrogen fixation. At each of these 
harvests, 10 plants were randomly chosen from the south end of plots and 
roots visually assessed for pink nodules, and when pink, 78 days from 
drilling, acetylene reduction assays began (Appendix 0. Thereafter, two 
0.lm2 quadrats were harvested and ethylene production and dry matter per 
top and per root were calculated. To minimise damage to the plots, a 
single-0.2 m2 area was harvested from 17/10/80 and OM per plant measured. 
In addition, five plants per quadrat were separated into leaf, stem and 
reproductive portions. Harvests from 188 days were essentially the same, 
but only two plants were separated into leaf and stem because of the exces-
sive time taken to separate leaf and stem portions. The ratio of leaf: 
- stem was used to estimate leaf weight and stem weight per plant from all 
plants harvested. Plant mortality was high between harvests at 188 and 
238 days after sowing, and measurements were based on a count of healthy 
stems from 0.2 m2. The weights of pods and peas per healthy stem were 
measured by removing these parts from all harvested plants. 
Spring~sownpeas were harvested similarly, with leaves and 
stems separated from five plants, 99 days from sowing. Subsequent spring 
harvests utilised a leaf weight to stem weight ratio from two healthy stems 
to calculate the leaf and stem weight per healthy top. Pods and peas were 
removed from all plants. Plant components were oven dried at 700 C for 36 
hours, weighed and stored for nitrogen analysis (Appendix III). 
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At the final harvest, above-ground portions of plants were 
-sampled--from 0.2 m2 -for-eachtreatment.Healthy stems were counted, pods 
and peas removed from all plants and two plants per quadrat were randomly 
selected for division into leaves and stems. Plant parts were oven dried 
as above and stored for subsequent nitrogen analyses, which were conducted 
on three replicates at the final harvest. 
Final seed yield, plants per m2 and 1000 seed weight were 
2 obtained from 1.8 m quadrats in the central 6 rows in each plot. Pods 
2 per plant were counted for all plants harvested in separate O. 2 m quad-
rats as at earlier harvests. Harvest index was calculated from the ratio 
of-seed yield to total biomass -from 1.8 m2, - Nitrogen harvest index was 
the ratio of nitrogen in seed to total yield of nitrogen(g N m-2), calcu-
- lated from the nitrogen content in stem, leaf, pod and peas of five plants 
at the final harvest. Nitrogen translocation was calculated from the 
difference between plant nitrogen at flowering and at final harvest. Where 
seed nitrogen exceeded this difference, translocation from vegetative and 
pod fractions must have occurred. Where seed nitrogen was less than the 
difference in plant nitrogen between flowering and final harvest, uptake of 
nitrogen (between flowering and maturity) exceeded seed nitrogen require-
ments and translocation was negative. 
Twenty pods were chosen at random from the 0.2 m2 quadrats and 
the number of mature peas and the total number of ovules per pod were 
determined. The percentage of ovules failing to develop was calculated for 
each trea tment: 
No. of ovule initials No. of mature peas 
% ovule failure = per pod per pod No. of ovule initials per pod x 100 
. _ ..... . 
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4.2.7 Influence of Row Position on Reproductive and Total 
Biomass Production 
During pod filling of irrigated autumn-sown Partridge and at 
maturity of spring-sown Partridge, 1 m lengths of plots were harvested to 
assess the yield from each of the 10 rows. In each row the number of 
plantswascounted,whole tops separated from .intact pods, and dry matter 
per plant calculated for reproductive and vegetative portions. Harvest 
index was the ratio of total pod and pea dry weight to total yield per 
row. 
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At the final harvest of irrigated, autumn-sown Partridge, two 
methods Were employed to estimate yield. The first was a yield from 
2 1.8 m where all plants in the middle six rows were harvested. In the 
second, two one m2 quadrats were laid in the middle of the plots, on top of 
the plants. All plant material below these quadrats was harvested without 
regard for plant number or where plants originated within the plot. Quad-
rats were square and covered the six inner rows. 
4.2.8 Lupins 
On 24 June 1980 and again on 12 September 1980, L. angustifolius 
cv. Unicrop was sown at 200 kg ha-1 into four plots of the same size as the 
pea plots. Final seed yield was measured at maturity from 1.8 m2 quadrats. 
4.3 RESULTS 
4.3.1 Soil Moisture 
Water supply was initially adequate for growth and nitrogen 
fixation of autumn-sown peas, but abnormally dry conditions during September 
and October (117 - 177 days after sowing) caused a rapid rise in the potent-
., ...... -.-... -.. , .. . 
.. 
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ial soil moisture deficit (Table 4.1; Figure 4.1). Soil temperatures also 
rose during this period and remained above 100 C for the rest of the season 
(Figure 4.1). Soil moisture (0 - 20 cm) was 16.6 per cent on 3 October in 
autumn-sown plots relying on rainfall, and although rain in early November 
brought the soil moisture to 23.5 per cent, rainfall thereafter was 
inadequate (Figure 4.2, Appendix 4.1). Rainfall which occurred at the 
start of flowering of autumn-sown Partridge delayed the need for irrigation 
by 11 days. Spring-sown Whero flowered shortly after rain in November, 
but spring Partridge started flowering when soil moistures in the top 20 cm 
were below wilting point. Rain shelters increased 10 cm soil temperatures 
only- sl ightly, during early January (Table 4.2). 
Table 4.1: Long-term and actual monthly precipitation, July 1980 to 
February 1981,Lincoln"College Meteorolngical Station. 
Long-term mean Actual ~reci~itation 
Month (mm month-I) 
July 61 40 
August 58 48 
September 51 1 
October 51 13 
November 51 85 
December 61 29 
January 56 25 
February 46 12 
(1944-1960) 
Table 4.2: The effect of soil moisture treatments on soil temperature 
in spring-sown Whero. (Mean of six readings between 
31/12/80 and 8/1/81.) 
Treatment Soi 1 temperature at 10 cm S-
x 
Dry 18.0 0.8 
Rainfall 16.3 0.7 
Irrigated 16.0 0.9 
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Autumn 
Fl oweri ng ~ 
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a _____ ._t. 
------Partridge • • 
... 
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Spring A~h ~ · 
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o ~ 
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Figure 4.2: Effect of irrigation treatments on soil moisture percentage 
(0 - 20 cm). Dotted line refers to flowering of non-
productive basal branches. 
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4.3.2 Soil Tests 
M.A.F. quick-test results are shown in Table 4.3. Olsen test 
phosphorus levels were medium to high, and a response to added superphos-
phate was unlikely. Levels of available soil nitrogen were generally above 
10 ppm N03-nitrogen, but irrigation of autumn-sown Whero reduced these to 
4 (0 - 20 cm) and 8 ppm N (20 - 60 cm) during pod filling (Table 4.4). 
Table 4.3: Soil pH and quick test nutrient concentrations. 
pH Ca K p Mg 
5.5 10 16 27 23 
4.3.3 Nitrogen (C2~) Fixation 
Autumn-sown peas developed small white nodules 29 days after 
sowing, which did not become pink until 58 days after sowing. Twenty days 
-1 -1 later, ethylene production of 60 nmoles C2H4 plant h was observed 
(Figure 4.3). Mean weekly soil temperatures at this time were below 60 C 
(Figure 4.1}.In contrast, spring~sown peas produced 275 nmoles C2H4 
plant-1 h- 1, 14 days after emergence (Figure 4.4) when mean weekly soil 
temperatures were above 10°C. 
Rates of acetylene reduction did not exceed 2400 nmoles 
-1 -1 C2H4 plant h ,and peak fixation rates occurred before flowering in all 
treatments except irrigated autumn Whero where the peak was reached near 
the end of flowering. Soil moisture changes were associated with large 
changes in nitrogen-fixing activity. This activity tended to be ,greater 
in Partridge than Whero except where irrigation of autumn Whero increased 
fixation. Autumn sowing allowed an early development of nitrogen fixation 
, .. __ . - - .. 
. ~_'.4.'.'.' " _, ..• ,".'. _ '.", 
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Table 4.4: Levels of available soil nitrate during growth of peas. 
Nitrate 
Treatment Date 5tage of growth Depth ~g N03 5x 
50il nitrate 
cm 
'1 1 
g N m- 2 
.... g.S01 -:-
A W R 17. 5.80 Drill ing 0-20 45.5 7.4 10.3 
20-60 20.8 4.1 11. 7 
A W R 11. 9.80 Vegetative 0.;.20 16.0 1.6 3.6 
20-60 41.0 4.4 23.1 
A W R 1.11. 80 Pod fi 11 ing 0-20 12.0 4.0 2.7 
20-60 13.0 1.5 7.3 
A W I 1.11. 80 Pod fill ing . 0-20 4.0 0.3 0.9 
20-60 8.0 1.6 4.5 
5 W R 1. 11. 80 Vegetative 0,"20 22.0 5.1 5.0 
20-60 22.0 1.2 12.4 
5 W R 15.12.80 Pod fi 11 i ng 0-20 6.5 0.65 1.5 
i 20-40 13.5 1.04 3.8 
5 P R 22. 1. 81 Pod fi 11 i ng 0-20 16.5 2.33 3.7 
20-40 19.3 2.78 5.4 
. 5 P I 22. 1.81 Pod filling 0-20 14.8 2.39 3.4 
20-40 16.3 3.01 4.6 
(Bulk densities used to calculate this were from data 17 May, 1980.) 
. (A, 5 = autumn and spring sown; W, P =Whero and Partridge; 
0, R, I = dry, rainfall and irrigated.) 
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(Plate 4.1), but the peak rate before flowering was less than 1000 
-1 -1 nanomo1es C2H4 plant h . 
4.3.4 Effect of Inter-Row Competition 
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Irrigated Partridge plants, in particular, grew very long and 
during pod filling some vines were 3.5 m long. The outer two rows were 
not used for sequential harvests, but these rows became dominant and sup-
pressed growth in the other rows. This was particularly evident in autumn 
Partridge and less evident in spring-sown, irrigated Partridge (Figure 4.5; 
Plate 4. 2). Plants generally lay al~ng the length and partially across 
plots so that competitive effects did not extend far into adjacent plots. 
Total biomass production and harvest index (HI) were greatest for outside 
rows. This competition was further shown by the two methods of final har-
vest for autumn-sown, irrigated Partridge (Table 4.5). Thus, the apparent 
reduction in yield per plant (Figure 4.5) and per m2 (Table 4.6) from 
irrigation of autumn Partridge was more an example of intense competition 
with two rows becoming dominant and contributing greatly to the final seed 
yield. 
Table 4.5: Influence of method of harvest on final seed yield of 
autumn-sown, irrigated Partridge peas. 
Inner 6 rows 2 x 1 m 2 quadrats 
only cut from each plot 
(g m- 2) 
98 253** 
CV 5.1% 
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Plate 4.1: Nodule development on autumn-sown peas. 
(W = Whero; P = Partridge) 
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Plate 4.2: The influence of row position on ve getative ar.d reproductive 
yield of autumn-sown and irrigated Partridge peas. 
(Outside row on left; Rule = 1 m) 
Autumn (8.1.1981) 
20 
15 
10 
5 
Spring {12.2.1981} 
15 
10 
5 
1 2 3 4 5 6 7 8 9 10 
Row number 
~ Stem + leaf D Pod + peas 
Figure 4.5: Effect of row position on dry matter production per 
plant in irrigated autumn and spring sown peas. 
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Table 4.6: Effect of all treatment combinations on time to maturity, 
seed yield and estimated. nitrogen fixation. 
Time from sowi"ng Seed Estimated nitrogen 
Treatment to maturity yield (C2H2) fixation (days) (g m- 2) (g N m- 2 season-I) 
Autumn Whero D 212 243 1.3 
R 240 318 1.6 
I 240 326 3.2 
Partridge D 250 166 ·2.7 
R 250 159 2.7 
r 254 .. 98 3.3 
Spring Whero D 124 286 1.5 
R 130· 280 1.4 
I 130 313 1.5 
Partridge D 134 205 2.3 
R 134 153 2.3 
I 154 223 2.7 
(D, R, I = dry, rainfall and irrigated.) 
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4.3.5 Accumulation and Partitioning of Dry Matter 
Initial growth rates were slower in autumn-sown than in 
spring-sown peas, and were also slower in Partridge than in Whero (Figure 
4.6). At both sowing dates, irrigation increased biomass yield of Part-
ridge. The later maturity of Partridge compared with Whero was shown by 
the sequential apportioning of dry matter into stem, leaf, pod and peas 
(Figure 4.7}. Irrigation of autumn Partridge stimulated leaf and stem 
growth with less than 10 per cent of dry matter per plant as peas at the 
final harvest. In contrast, irrigation of spring Partridge enhanced pea 
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more than vegetative development. The partitioning of dry matter at final 
harvest is presented in detail in Table 4.7. 
4.3.6 Dry Matter and Nitrogen at Flowering and at Final Harvest 
of all Treatments 
Autumn and spring Partridge peas flowered 43 and 21 days later 
respectively, than Whero peas. At flowering of all treatments, root and 
top weights were highest in the oldest plants, which were autumn-sown Part-
ridge. Autumn-sown Whero plants, however, were generally smaller than the 
spring-sown Whero plants (Table 4.7). These differences were smaller on a 
per m2 basis becau~e of the greater population in autumn-sown peas (Table 
) -2 . 4.8. At the final harvest, autumn-sown ~artrfdge produced 921 g m ln 
leaf and stem which was 67 per cent more than from spring-sown Partridge . 
. A number-of interactions which were significant on a per plant basis are 
not shown, as they were not important on an area basis (Table 4.8). 
At flowering of all treatments, roots of spring-sown peas had 
67 per cent higher nitrogen concentration than did autumn peas which had 
3.13 per cent nitrogen (Table 4.9). The interaction of sowing date and 
cultivar at flowering for nitrogen concentration of whole tops showed that 
when autumn-sown, Partridge had 2.79, but when spring-sown, this cultivar 
! . I . 
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Figure 4.6: The effect of sowing time and soil moisture on dry matter 
accumulation per plant in Whero and Partridge. 
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Table 4.7: Influence of cultivar, sowing date and soil moisture on the 
partitioning of ctrymatter per "plant into ropt an.d whole tops 
at flowerin~; -~nd into ste~, Teaf, pod and p~as at final 
harvest. 
Flowering Final harvest 
Treatment Dry matter (g plant-I) in: 
Root Whole tops Stem Leaf Pod 
Culti var W 0..13** 4.4 2.8** 1. 5** 0..8 
P 0..23 4.7 5.2 2.8 0..6 
Sowing "date A 0..15* 4.3 4.4* 2.3* 0..8 
S 0.21 4.8 3.6 1.9 0.7 
LSD. 05 "0..0.4 1.11 0..68 0..36 0..16 
Moisture D 3.4** 2.0 0..6 
R 3.6 2.0. 0..8 
I 5.0 2.4 0..8 
LSD. 05 0.85 0..44 0..20. 
CV 19.7 21.5 25.0. 24.4 32.0 
Significant None CxS** CxS* CxS* MxS* 
interactions CxM* CxM** 
MxS* 
A S A S A S 
I~ 3.1 5.6 2.9 2.8 1.5 1.5 
P 5.5 3.9 5.9 4.4 3.2 2.4 
LSD. a5 1. 56 0.98 0.51 
Peas 
3.5* 
2.2 
2.3* 
3.4 
0.98 
2.8 
2.6 
3.2 
1.20. 
49.5 
None 
(A, S = autumn and spring sown; W, P = Whero and Partridge; D, R, I = dry, rainfall 
and irrigated) 
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Table 4.8: Influence of cultivar and sowing date on plant population, and 
dry matter in roots and plant tops at flowering; and the 
influence of cultivar, sowing date and moisture on the partition-
ing of dry matter at the final harvest. 
Flowering Final harvest 
Treatment (Dry matter g m-
2) in: 
Plants Root Who 1 e tops Stem Leaf Pod m- 2 
Cultivar W 115 14.6** 473 248** 133** 75 
P 120 26.4 568 482 254 62 
Sowing date A 140** 21.4 591* 426* 223* 79 
S 95 19.5 450 305 164 58 
LSD. 05 23 4.73 115 90 43 27 
Moisture D 347 200 58 
R 339 186 79 
I 409 194 68 
LSD. 05 111 53 34 
CV 17 .5 20.4 19.5 35.5 32.2 57.5 
Significant 
interactions None None CxS** CxS** CxS** None 
A S A S A S 
W 431 515 245 252 131 135 
P 751 385 607 358 314 193 
LSD. 05 162 128 61 
(A, S = autumn and spring sown; W, P = Whero and Partridge, D, R, I = dry, rainfall and 
irrigated. ) 
Peas 
313* 
210 
220 
303 
100 
266 
253 
266 
123 
55.1 
None 
'---- --- .. -, -
,'-' 
~ ',' 
Table 4.9: Influence of cultivar and sowing date on nitrogen 
concentration in roots and whole tops at flowering; 
and the influence of cultivar, sowing date and soil 
moisture on nitrogen concentration in plant components 
at final harvest. 
Flowering Final harvest 
Treatment Nitrogen concentration (N%) in: 
Root Whole tops Stem Leaf Pod 
Cultivar W 3.98 3.14 1.04** 2.56** 1.62** 
P 4.37 3.34 1.52 3.16 2.95 
Sowing date A 3.13** 3.04** 1.40 3.05* 2.67** 
S 5.22 3.44 1.16 2.66 1.90 
LSD. 05 0.41 0.26 0.32 0.30 0.38 
Moisture D 1.19 2.32** 2.07 
R 1.26 2.95 2.59 
I 1.38 3.30 2.20 
LSD. 05 0.39 0.36 0.46 
CV 8.7 7.1 35.7 15.0 23.8 
Significant 
_ None CxS** CxS** None MxS** interactions 
A S A S A S 
liJ 3.29 2.99 W 1.35 0.73 D 2.20 1. 94 
I 
P 2.79 3.90 P 1.46 1. 58 K 2.73 2.44 
r 3.08 1. 33 
LSD. 05 0.37 0.45 0.65 
(A, S = autumn and spring sown; W, P = Whero and Partridge; 
0, R, I = dry, rainfall and irrigated.) 
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Peas 
4.48 
4.44 
4.46 
4.46 
0.32 
4.56 
4.53 ,",'"-'. 
. 4.29 
0.39 
10.3 
None 
I 
I 
-, '.-." 
f . 
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had 3.90 per cent nitrogen. In contrast, Whero had a higher concentration 
(3.29) in the autumn, and 2.99 per cent nitrogen when spring-sown. The 
highly significant difference between root nitrogen content per plant at 
the two sowing dates (Table 4.10) was associated with differences in nitro-
gen concentration in roots at flowering. 
Final harvest nitrogen content per plant reflected the dif-
ferences between the two cultivars; Partridge'had more stem and leaf nitro-
gen per plant, whereas Whero had more nitrogen stored in pods and peas. 
These effects balanced each other and there were no significant differences 
in total nitrogen per plant (Table 4.10). Irrigation increased nitrogen 
yield in Partridge, but not Whero (Table 4.11). At flowering, nitrogen 
concentration of whole tops was greatest in spring (3.90) and least in 
autumn Partridge (2.79% N). 
At final harvest, leaf nitrogen concentration was 23 per cent 
greater in Partridge compared to Whero. Increases in the availability of 
soil moisture were also associated with increased leaf nitrogen concentrat-
ion. Nitrogen concentration in pods was 82 per cent greater in Partridge 
than Whero. Enhanced soil moisture in autumn-sown crops resulted in 
increased nitrogen concentration in pods. Nitrogen content of the seed 
was unaffected by treatment (Table 4.9). Nitrogen yield per pl.ant and per 
m
2 in stem and leaf were highest in Partridge but seed nitrogen yield in 
Whero was 48 per cent greater than Partridge (Tables 4.10, 4.11). Irrigat-
ion of Partridge stimulated a significant increase in total nitrogen per m2. 
4.3.7 Components of Yield and Final Seed Yield 
Whero yielded 76 per cent more seed than did Partridge, but 
some of this difference was caused by the harvesting technique which did 
not allow for the inter-row competition which occurred particularly in 
autumn-sown, irrigated Partridge. Plant populations were maintained by 
-'",', 
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Table 4.10: Influence of cultivar and sowing date on nitrogen content in 
roots and whole tops at flowering, and the influence of 
cultivar, sowing date and soil moisture on nitrogen content 
of plant components at final harvest. 
Floweri ng Final harvest 
Treatment Nitrogen content (mg N plant-I) in: 
Root Who 1 e tops Stem Leaf Pod Peas 
Cultivar W 5.52** 119** ! 31** 38** 13** 155** 
P 10.08 184 80 91 18 .98 
Sowing date A 4.86** 137 66* 75* 20** 100* 
S 10.75 166 44 53 11 153 
LSD. 05 2.00 37.7 21.1 17.4 3.1 42 
Moi sture D 43 49* 10** 126 
R 48 62 18 117 
I 75 81 17 136 
--- -
---
LSD. 05 
.. 25.7 21.3 3.7 51 
CV 22,6 22.0 54.9 39.1 28.7 47.2 
Significant None None None None MxS* None 
interactions 
A S 
D 11 10 
R 24 12 
I 23 11 
LSD. 05 5.3 
(A, S = autumn and spring sown; W, P = Whero and Partridge; D, R, I = 
dry, rainfall and irrigated.) 
Total 
237 
287 
264 
261 
56 
229 
248 
310 
68 
30.4 
None 
_._,_ •• 0' 
:- ', . .;.:.-.: ~ .. ,-
- - ~-
I 
I j 
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Table 4.11: Influence of cu1tivar and sowing date on nitrogen yield 
(g N m-2) in roots and who1e'tops at flowering; and 
Treatment 
Cultivar W 
P 
Sowing date A 
S 
LSD.Os 
r~oisture 0 
R 
r 
LSD.Os 
CV 
Significant 
interactions 
the influence of cu1tivar, sowing date and soil moisture 
on nitrogen yield in plant components at final harvest. 
Flowering Final harvest 
Nitrogen yield (g ~ m-2) at: 
Root Whole Stem Leaf Pod Peas Total tops 
0.5B** 13.1* 2.6** 3.3** 1.2 13.8* 20.7 
1.14 21.1 7.2 B.l 1.5 9.3 24.7 
0.69* IB.4 6.1** 6.9** 1.7** 9.6 22.7 
1.03 15.B 3.7 4.4 1.0 13.5 22.6 
0.20 7.9 1. 35 1.4B 0.37 4.1 5.0 
4.3 4.B 1.1 12.1 22.2 
4.3 5.6 1.5 11.1 20.2 
5.9 6.6 1.4 11.4 25.5 
I 1.65 1.80 0.45 5.0 6.1 
I 
20.4 40.7 39.B 37.6 40.1 51.3 31.4 
None None None CxS* MxC* MxS" MxC* 
A S 'il P A S 'tI P 
W 3.6 2.9 D 1.0 1.1 11.8 12.3 21.B 22.7 
p 10.3 5.9 R 1.5 1.4 11.1 11.1 21.8 1B.6 
[ 0.9 1.9 5.8 17.1 IB.3 32.8 
LSD.Os 2.10 0.64 7.11 8.6 
(A, S = autumn and spring sown; 'II, P = Whero and Partridge; D, R. I = dry, rainfall and irrigated.) 
... -.', ,< 
rain shelters in autumn-sown peas, but density of spring-sown peas was 
unaffected by moisture regime. Pod numbers were increased by increased 
soil moisture, particularly in spring-sown plots. Seeds per pod were 
increased 56 per cent by spring sowing, and Whero contained 30 per cent 
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more than Partridge at both sowing dates (Table 4.12). The potential num-
ber of seeds- per-pod was much greater than the mean of 2.3 observed. 
Twenty-five per cent of autumn-sownWhero pods did not contain even one 
fully developed seed (Table 4.13), and nearly half the ovule initials 
failed to develop. Plate 4.3 shows the range of ovule failure in Whero 
and Partridge peas. Autumn-sown Partridge had the lowest percentage 
ovul~ failure (39%). Calculation of seeds per pod from values in Table 
4.13 (obtained from 20 pods) results in higher values than those in 
Table 4.12, but this tablew~s based on a calculation which incorporated a 
pod count from all plants in 0.2 m2 quadrats and seed yield from all of 
those plants. 
Individual seed weights were 59 per cent greater in Whero, 
compared with Partridge (Table 4.12). Seed size in Whero was increased by 
autumn sowing, whereas time of sowing had little effect on Partridge. 
Increased soil moisture reduced seed size over all treatments. 
4.3.8 Harvest Indices 
The HI and NHI of Whero "'Jere 75 and 97 per cent greater than 
Partridge. Harvest indices were lower in autumn- than spring-sown peas. 
NHI in autumn peas was depressed by rainfall and further depressed to 0.29 
by irrigation (Table 4.14). 
4.3.9 Translocation of Nitrogen 
Negative values for translocation of nitrogen occurred when 
the total nitrogen increase in plant tops between flowering and maturity 
1_ --
1--
Table 4.12: Influence of cultivar, sowing date and moisture on plant 
population, pods per plant, seeds per pod, seed weight and 
seed yield at final harvest. 
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Treatment Plants Pods Seeds 1000 seed Seed yield m- 2 plant-1 pod-1 (g OM m- 2) weight (g) 
Culti var W 84 5.6 2.6** 251** 
P 90 6.4 2.0 158 
Sowing date A 85 5.6 1.8** 210** 
S 89 6.4 2.8 100 
LSD. 05 6.1 0.84 0.36 5.8 
Mo i sture 0 105** 4.8** 2.6 216** 
R 81 5.9 2.3 209 
I 74 7.3 2.1 189 
.. 
LSD. 05 7.5 1.03 0.45 7.2 
CV 12 23.9 26.7 4.9 
Significant ~lxCxS** CxS** None CxS* 
interactions CxM* SxM* 
A S A S A S 
WD 135 89 W 5.7 5.5 W 260 243 
R 55 84 P 5.5 7.3 P 160 156 
I 55 84 
PO 107 89 LSD .05 1.2 8.2 
R 89 96 A S 
I 68 88 0 4.4 5.2 
R 6.3 5.6 
I 6.0 8.5 
LSD .05 15 1.5 
W P 
0 4.8 4.8 
R 5.8 6.0 
I 6.1 8.4 
LSD. 05 1.5 
(A, S, = autumn and spring sown; W, P = Whero and Partridge; D, R, I = 
dry, rainfall and irrigated.) 
295** 
168 
218 
243 
39.5 
225 
227 
240 
48.3 
29.0 
None 
::--'-'.' 
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Table 4.13: Influence of cultivar J sowing date and moisture on the percentage of pods WhlCh did not contain one or more fully 
developed seeds, the total ovules per pod and the 
percentage of ovules which failed to develop. 
Percentage of pods# Total ovules Ovules Treatment without one (or more) fully pod- l failure# developed seeds (%) 
Culti var W 14.8** 6.9** 52** 
P 8.5 6.5 45 
Sowing date A 16.4** 6.7 47 
S 7.0 6.7 51 
LSD. 05 4.3 0.25 4.7 
Moisture D 9.0* 7.0* 52 
R 10.4 6.5 50 
I 15.7 6.6 44 
LSD. 05 5.2 0.30 5.8 
CV 62.0 6.2 16.4 
Significant CxS** MxCxS* CxS** 
interactions A S A S A S 
W 24.9 4.7 WD 7.3 7.1 W 54 51 
p 7.9 9.2 R 6.3 7.0 P 39 50 
I 6.5 7.2 
LSD. as 6. a LSD .05 6.7 
PD 6.7 6.8 
R 6.5 6.4 
I 6.7 6.1 
LSD 
.05 0.6 
~# Arcsine transformation did not alter conclusions drawn from these analyses.) , 
\A, S = autumn and spring sown; W, P = Whero and Partridge; D, R, I = dry, rainfall i 
and irrigated) 
. ',' ,'.' >. ".-, .• ~-.-., .-, " 
.... -.-'-.... ;. >.~:.:<.>'. 
Plate 4.3: Varied levels of ovule failure in Whero (W) and 
Partridge (P) peas. 
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Table 4.14: Influence of cultivar, sowing date and moisture on dry 
matter, harvest index (HI) and nitrogen harvest index 
(NHI) at final harvest. 
, 
Treatment HI 2 NHI (from 1.8 m ) (from 5 plants) 
Cultivar W 0.42** 0.65** 
P 0.24 0.33 
Sowing date A 0.30** 0.40** 
S 0.36 0.59 
LSD.OS 0.03 0.08 
Moisture 0 0.3S 0.55 
R 0.33 0.47 
I 0.32 0.45 
LSD. 05 0.04 0.10 
CV 16.1 24.1 
Sign ifi cant 
i nteracti ons MxCxS*. sxr~* 
A S A S 
WD 0.44 0.44 0 0.53 0.57 
R 0.40 0.44 R 0.38 0.57 
I 0.36 0.44 I 0.29 0.62 
PO 0.17 0.33 
R 0.25 0.23 
I 0.18 0.28 
LSD. 05 0.08 0.14 
(A, S = autumn and spring sown; W, P = Whero and Partridge; 
0, R, I = dry, rainfall and irrigated.) 
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Table 4.1S: Influence of cultivar, sowing date and soil moisture on 
translocation of nitrogen from above-ground plant 
components at flowering to the seed by final harvest, 
" and the percentage of seed nitrogen from translocation. 
Treatment Translocation of N to seed Percentage of seed N 
mg N plant- 1 from translocation 
Cultivar W 27.4 17 
P -S.2 -116 
Sowing date A -39.1** -146* 
S 61.3 47 
LSD.OS 40 191 
Moisture D 4S .. 7* 39 
R 10.6 S 
I -23.0 -193 
LSD. 05 48.8 234 
CV # 550 
Significant None None 
interactions 
A S 
D 28 64 
R -46 67 
I -100 54 
LSD. 05 69 
#As mean wa~ close to zero, coefficient of variation was not presented. 
(A, S = autumn and spring sown; W, P = Whero and Partridge; 
D, R, I = dry, rainfall and irrigated.) 
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exceeded the nitrogen content of seeds (Table 4.15). Autumn-sown peas 
. took up more nitrogen betlt/een flowering and maturity than \vas required by 
seeds, whereas in spring-sown peas, 47 per cent of the seed nitrogen came 
from translocation. Irrigation of autumn crops reduced the reliance on 
translocation, but irrigation had no effect on spring crops. In all treat-
ments., the percentage of seed nitrogen from translocation was greatest when 
soil moisture was lowest. 
4.3.10 Lupin Seed Yield 
Autumn lupins grew very slowly through the winter, but made 
-2 rapid growth during the spring. Seed yields were 450 and 250 g m for 
autumn and spring crops respectively (Table 4.16). 
Table 4.16: Influence of sowing time on lupin density, seed yield, HI and 
seed size at final harvest. 
Sowing date Plants m- 2 Seed ~ield HI 1000 seed g m- weight (g) 
June 24, 1980 138 453** 0.42* 201* 
September 12 111 251', 0.35 155 
CV % 34.6 6.4 6.7 3.5 
4.4 DISCUSSION 
4.4.1 Rates and Estimates of Nitrogen (C2~) Fixation 
Autumn sowing increased total nitrogen (C2H2) fixation by 27 
per cent when compared with spring sowing (Table 4.6), but the actual 
proportions of plant nitrogen from fixation, calculated by acetylene reduct-
" .. ". ;'-, 
! " 
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ion, were only 11 and 9 per cent for autumn and spring respectively (Tables 
4.6,--4.11).-However;-theestimate of nitrogen fixation by acetylene 
reduction must be treated with caution for a number of reasons. Plants 
sampled were from the central rows which, during reproductive growth of 
Partridge particularly, were at a competitive disadvantage because of the 
dominant growth of the two outer rows (Figure 4.5, Plate 4. 2). Thus, nitro-
gen fixation would have been reduced as a direct result of this competition. 
This inter-row competition in 1.5 m wide plots was very different from that 
which occurred in an adjacent area (20 x 20 m) of Partridge peas. In 
this large plot, similar in appearance to that occurring in a field situat-
ion; all plants near the middle were at least partially covered by other 
plants, and no plants became especially dominant. In contrast, the two 
outer rows in the 1.5 m plots became dominant because they did not compete 
with plants on each side. Thus the inner rows were more than usually 
stressed by those excessively large plants (Plate 4.2). The acetylene 
reduction estimates may have also been inaccurate for two further reasons; 
diurnal changes in activity (Chapter 6) and movement from the theoretical 
molar ratio of 3:1 (Burris, 1972; Goh et aI., 1978; Gibson, 1976, 1978; 
Witty, 1979; Carran et aI., 1982). 
Although the above factors limit the preciseness of conclus-
ions, it is clear that plants relied on soil nitrogen for a large part of 
their nitrogen requirements. The ready availability of soil nitrogen 
reduces fixation in many different legumes U~inchin et al., 1981), although 
- controlled environment studies with peas (Oghoghorie and Pate, 1971) showed 
that nitrogen fixation was reduced but not eliminated by levels of inorganic 
nitrogen in excess of those in this trial. Nitrogen applied to peas in 
Canada at a rate of 10.6 g N m- 2 reduced peak fixation activity from 6.2 to 
-1 -1 ( ) a peak of only 0.8 umoles C2H4 plant h Sosulski and Buchan, 1978 . 
The soil in their trial contained 4;4 g N m- 2 in the surface 30 cm, whereas 
in the trial reported here, nitrate levels in the surface 20 cm were as 
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high as 10.3 g N m-2 at sowing of the autumn peas (Table 4.4). Even under 
the high nitrate nitrogen levels in both sowings of this trial, the longer 
growing season of autumn-sown peas could be expected to increase total 
fixation. However, mean temperatures in winter and early spring were 
below 100e for 140 days and these cool temperatures would have limited 
both growth and nitrogenase activity. The-far more rapid development of 
active nodules in the spring-sown crop is likely to have been a direct 
effect of temperature on the processes of nodule development and growth of 
the host. Temperature increased from 100 days after sowing of autumn peas 
but there was not a concomitant increase in nitrogenase activity (Figure 
4.3), most probably because of the ready availability of mineral nitrogen. 
From 100 days after sowing, availability of soil moisture in 
autumn Whero had a "major effect on rates of nitrogen fixation (Figure 4.3) 
as irrigation caused a two and a half fold increase in nitrogen-fixing 
activity. Drought stress has been shown to reduce nitrogen fixation in 
both whole plants and detached nodules of a range of grain legumes (Sprent, 
1972c; Minchin and Pate, 1975; Sprent, 1976a, b) but studies by Sprent 
(1972c) showed that water can be withdrawn from the xylem for nodule 
requirements. The large irrigation response in this trial, however, 
showed that water from root xylem sources was not able to supply all 
nodule water requirements. Although irrigation applied to Partridge at 
flowering caused an increase in fixation rate of 300 per cent, in compari-
son with the plots dependent only on rain, the actual nitrogen-fixing 
activity was low. Figure 4.5 shows that sampled plants had been suppressed 
by the unusually large plants in outside rows (Plate 4.2). This competit-
ion would have reduced the light available to the inner rows and thus 
inadequate photosynthate may have limited the overall nitrogen fixation 
response to irrigation. 
In spr-ing-sown Wheroand Partt'idge, peak fixation activity did 
-1 -1 
not exceed 2400 nmoles C2H4 plant h and as this peak occurred before 
1- -." ._ 
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flowering, carbohydrate stress in the nodules was unlikely to have caused 
the early decline (Figure 4.4). -Responses to-irrigation were also small, 
indicating that peas relied on soil nitrate supplies, which in the surface 
. -2 
40 cm in spring-sown crops were always more than 5 g N m at the sample 
dates. d -2. b Both spring and autumn crops accumulate 23 g N m ln a ove-
-- ground biomass-over approximately 130 and 240 days respectively (Table 4.11). 
Autumn-sown wheat grown in an adjacent trial with similar paddock history 
accumulated 28 g N m~2 (Majid, pers. comm.). Although rooting character-
istics of wheat may have allowed it to obtain soil nitrogen more success-
fully and at greater depth than peas (Pate, 1976), it is clear that soil 
sources would have been sufficient for most of the nitrogen required by the 
peas. 
4.4.2 Components of Yield and Final Seed Yields 
Final seed yields of Whero were similar to those reported by 
Falloon and White (1978), and the low yield of 168 g m- 2 for Partridge was 
not unexpected, because of the inter-row competition and the excessive 
vegetative growth. Increased soil moisture accompanied increased plant 
mortal ity, but plant densities at final harvest were still within the range 
where only small changes in seed yield occur (Falloon and White, 1978). 
Increased populations generally reduce components of yield (White and Ander-
son, 1971, 1974; Anderson and White, 1974b), but a measure of plant density 
did not a 11 ow for the very long vi nes on these peas. Thi s sprawl i ng nature 
limits the conclusions which can be drawn, particularly for autumn Partridge. 
A number of factors altered the number of pods per plant. The 
indeterminate cultivar, Partridge, flowered for a longer period than Whero, 
and thus when irrigated it produced a greater number of pods. Only 9 per 
cent of these pods were non-productive, whereas in the autumn-sown Whero 25 
per cent of the pods were non-productive. This was caused by an extended 
'--,".' 
'.-'-
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flowering in Whero which produced a number of small pods even when most of 
the plantwasdead.-- - Most of thesewere-- formedfromaxi llary buds at the 
base of the plant (Figure 4.3). These may have arisen because the herbi-
cide caused some die-back in plants, and new growth developed from the base 
but it did not yield productive pods. 
There are two probable reasons for the increased pod numbers 
which occurred after irrigation of spring crops. Floret abortion may have 
been reduced (Anderson, 1971), and in the case of Partridge, more pods were 
set during the flowering which was extended by irrigation. The failure of 
many ovul es to develop seeds is of cons i derab 1 e concern and the potenti a,l 
yield loss of 50 per cent in most treatments of this trial is very high. 
As previously observed by Falloon and White (1980), the loss may be due to 
geneti c and envi ronmenta 1 infl uences. These workers found that 1 a rger 
plants showed reduced ovule failure and the results were confirmed in this 
trial where autumn-sown Partridge produced the largest plants and smallest 
loss. 
The final seed yield ~/as markedly influenced by the difference 
between Whero and Partridge in seed size. The 11 per cent increase in 
yield with spring sowing contrasts strongly with yield differences reported 
for other grain legumes (Newton, 1980) and for the lupins grown in this 
trial where there was an 80 per cent increase from autumn sowing (Table 4.16). 
Table 4.5 indicates the culmination of inter-row competition on final yields 
of autumn~sown, irrigated Partridge. The yields presented in Table 4.6 are 
.thus biased in favour of the spring-sown crops which did not develop the same 
inter-row competition. Spray damage in autumn-sown Whero plots also con-
tributed to the greater seed yields in spring sowings. 
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4.4.3 Individual Plant and Crop Development: Nitrogen Uptake 
and Translocation 
The development stages of flowering and crop maturity were chosen 
for comparisons of treatments for two reasons. First, flowering is fre-
quently considered a critical stage of development, with the amount of nitro-
genin the pl-ant-an-important-factor in the self-destruct characteristic of 
grain legumes and particularly of soybeans (Sinclair and de Wit, 1975,1976). 
These authors and others (Hardy and Havelka, 1976) considered that the trans-
location of nitrogen from vegetative tissue to the developing soybean seed 
could limit the length of the seed development period and therefore limit 
tot~l seed production. Withers, Watkin and Forde (1981) considered that 
seed protein yields of lupin and tick beans are frequently limited by the 
self-destruct cycle and that this could be intensified by drought stress. 
Self-shading was a greater limit to seed protein yield in the peas than in 
the lupins and beans which these researchers grew. This reduction in yield, 
caused by self-shading, would result in reduced demand for nitrogen reserves, 
and thus decreased nitrogen translocation. In the trial reported here, 
translocation may have been underestimated. The increase in plant nitrogen 
between flowering and the start of seed growth, assumed to be negligible at 
the inception of this trial, has recently been shown to be significant 
(Withers et al., 1981). The rate of pod and pea development influences the 
demand placed on vegetative tissues, and thus an indeterminate cultivarshould 
be able to continue fixatiDnlonge~ than determinate cultivars. 
Although nitrogen translocation may limit yield in some legumes, 
this trial has shown how agronomic treatments may be used to alter the 
dependence on vegetative nitrogen. This has implications both for final 
yield of seed and protein and for the amount of nitrogen remaining in crop 
residues after harvest. Autumn-sown peas experienced a longer period 
., 
-, .. .. 
between flowering and maturity than spring-sown, and thus had longer to use'-' 
both soil nitrogen or fixation nitrogen supplies for seed requirements. The 
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cultivar difference also reflects both the longer seed development in Part-
ridge and-reduced seed nitrogen demand in Partridge because of the smaller 
final yield. Soil moisture status was also an important factor controlling 
nitrogen translocation to seeds. Drought stress hastened plant development 
and thus the period of seed development was reduced and consequently greater 
reliance was ~lacedon non-seed nitrogen rather than on soil and fixation 
sources. 
The nitrogen translocation and NHI shown by these crops have 
important implications for the maintenance of soil fertility. Rhodes (1980) 
found NHI values of 0.86 and 0.91 for Huka peas and Uniharvest lupins res-
pecti vel ywhen pl ants were grown under low fertil ity . Although these were 
higher than values reported for peas and lupins by other workers (Roponen and 
Virtanen, 1968; Pate. and Flinn, 1973; Farrington et al., 1977; Withers, 
1979 ), in general, very little nitrogen remains in plant residues where it 
can be used for subsequent crop growth. In this trial, the increased moist-
ure in autumn sowing stimulated vegetative production at the expense of seed 
and thus greatly reduced the proportion of plant nitrogen stored in the seed. 
Thus where HI is low and seed yields are poor it is likely that crop residues 
will have a considerable amount of nitrogen (Partridge 16.8 g N m-2) stored in 
them which could be used as stock feed or ploughed in to enhance soil fertility. 
The low HI in Partridge suggests that a more beneficial use of 
this cultivar would be as an autumn-sown crop for silage or with oats as hay 
and could be followed by common beans (P. vulgaris), or irrigated spring wheat 
or barley, if the peas were harvested early enough in the spring. Irrigation 
of Partridge when at least 50 per cent of the flowers were fully open may 
have increased HI in this cultivar. The small change in HI for Whero caused 
by increased moisture was probably due to the determinate flowering pattern 
which limited the vegetative response to increased moisture. 
The significant interactions observed between cultivar and sow-
ing date in biomass production at flowering (Table 4.7) were caused by age 
, 
.'-.,'-. 
- ,," .. , 
.-":'\ .... , 
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differences at flowering and herbicide damage in autumn, Whero plots. 
Partridge was not damaged by herbicide and thus responded to the longer 
growing season and increased moisture, by increased crop biomass. Although 
damaged rows in Whero were avoided as much as possible, some spray affected 
areas were sampled and this may explain the reduced yields observed with 
~utumn Whero, particularly at flowering. 
4.5 CONCLUSIONS 
Nitrogen fixation was increased by 27 per cent with autumn sowing. 
Throughout the trial, soil nitrogen supply was sufficient to allow good 
cereal growth. The availability of mineral nitrogen reduced reliance of 
peas on nitrogen fixation. 
Nitrogen translocation was increased to 47 per cent of total seed 
nitrogen when spring-sown. There were large differences in the percentage 
of seed nitrogen which came from translocation (Whero 17, Partridge -116%). 
Irrigation stimulated nitrogen-fixing activity. Autumn-sown Part-
ridge grew very well, but HI was less than 0.26 at the final harvest. The 
possibility of using such a crop for silage or stock feed should not be 
overlooked. 
Lupins were grown in the trial at the two sowing dates and the June-
-1 sown crop yielded 453 kg ha ,which was 80 per cent more than the spring-
sown crop. 
,~. - -: '- - .-'-.~ '- ,: .. - .--
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CHAPTER 5 
PEA CULTIVARS INFLUENCE NITROGEN FIXATION 
5.1 INTRODUCTION 
Very little is known about the differences in seasonal patterns of 
nitrogen fixation of pea cultivars grown in New Zealand. As peas are the 
major grain legume in Canterbury with an average of 19 000 ha sown 
annually in the 1976-1980 period (Agricultural Statistics, 1979/80, 1982), 
it is important to identify cultivars with superior nitrogen fixation. 
Many seasonal profiles of nitrogenf;xation activity, based on acetylene 
reduction, have beeri reported foi grain legumes overseas (Minchin et al., 
1981).· The most common profile for these legumes is an increase in 
activity during vegetative growth, which may continue until early fruit-
ing, followed by a decline which coincides with the main period of seed 
filling (Pate, 1958a; Roponen and Virtanen, 1968; LaRue and Kurz, 1973; 
Weil and Ohlrogge, 1975; Sosulski and Buchan, 1978). In contrast, 
nitrogenase activity of soybeans (Hardy et al., 1968) continued until 
crop maturity, while Mague and Burris (1972) showed large cultivar dif-
ferences in seasonal profiles of the same crop. The three pea genotypes 
evaluated by Young (1982) showed different phenological development, and 
fruit development, apical growth and nitrogen fixation varied independ-
ently. These differences show that a number of factors affect rates 
and seasonal profiles of nitrogen fixation. Cultivar differences exist 
in peas grown in New Zealand (Rhodes, 1980) but one of the two cultivars 
grown by Rhodes was harvested before crop maturity and thus a complete 
comparison was not made. 
.>.--, 
In this trial, eight pea cultivars were chosen to give as wide a 
. range of development types as possible. There were two main aims: 
i) To assess the range of seasonal profiles of nitrogen fixation in 
widely differing cultivars and identify those with the greatest 
nitrogen fixation potential. 
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ii) To establish the factors which control nitrogen fixation in dryland 
peas. 
5.2 MATERIALS AND METHODS 
5.2.1 Trial Site 
The trial was conducted on a Templeton silt loam soil at the 
Lincoln College stud sheep farm in the 1980/81 season. 
of the trial site is given in Table 5.1. 
Table 5.1: Cropping history of trial area . 
. Years. Crop.grown. 
1974-78 Pasture 
1978/79 Fodder beet 
1979/80 Oats (seed crop) 
1980 Autumn-sown Italian ryegrass 
Cropping hi story 
(grazed in winter and spring) 
The trial area was cultivated to 3 cm depth with a rotary hoe 
to break the ryegrass crowns on September 5, 1980. The area was ploughed 
on September 9, and a week later cultivated once with a vibratiller and 
Dutch harrows. After drilling on September 16, the area was Cambridge 
roll ed. 
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5.2.2 Treatments 
Eight cultivars were replicated four times{n a randomised 
block design. Cultivars and important characteristics are shown in 
Table 5.2. 
Table 5.2:~ Cultivars sown and~ their important characteristics. 
Cultivar 
Huka 
Whero 
Pa rtri dge 73 
Rovar 
Puke 
Pania 
Tere 
Small Sieve 
Freezer 
Important characteristics 
(Field) White pea; mid season; 
,'Parentage: White Prolific x Victoria x 
Black eyed Susan. 
(Field) Maple pea; mid season; 
Parentage: Elite x Partridge 73 (backcrossed 
to Partridge 73, three times). 
(Field) Maple pea; late; 
Parentage: Race 1 wilt resistant selection 
out of Tasmanian Partridge. 
(Field) Blue pea; mid season; 
Parentage: Rondo x Vares (backcrossed to 
Rondo) . 
Garden pea; 
Parentage: 
Garden pea; 
Parentage: 
Garden pea; 
Parentage: 
mid season; 
Jade x Small Sieve Freezer. 
late (compared with Greenfeast); 
(Greenfeast x Victory Freezer) x 
unnamed accession from U.S.A. 
early; 
William Massey x Victory 
Freezer x Sprite x Swift. 
Garden pea; mid season; 
Parentage: Navajox Famous. 
(Source: W. Jermyn, pers. comm.) 
, ~ 
, 
i 
5.2.3 Sowing 
-2 Seed was sown on September 16, 1980, to give 130 seeds m 
A Stanhay precision seeder was used with belt size 28 x 36 holes. To 
minimise bridging, chokes were not used. Rhizocote inoculant granules 
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(E642/2) were spread during the first rain after sowing on October 4, at 
-1 
a rate of approximately 70 kg ha . No herbicides were required. 
Lincoln College meteorological station data were used'to calculate the 
potential soil moisture deficit. This allowed for bare ground during 
cultivation and incomplete crop cover early in growth (French and Legg, 
1979). 
5.2.4 Soil Nitrate 
Soil nitrate was measured at 0 - 20 and 20 - 40 cm from each 
block on 11 September and 25 November, 1980. 
5.2.5 Acetylene Reduction Assays 
Assays were performed 27 days after drilling and at regular 
intervals until 129 days after sowing. To minimise damage to plots, 
systematic samples were taken from the south end and finished at the 
north end of all plots. Digging of quadrats started at approximately 
0900 and finished at 1200 hours NZST. Plants within 0.2 m2 quadrats 
~ere assayed as outlined in Appendix I. Plants were separated into 
roots, leaf + stem, pods and peas when appropriate. Pods were counted 
and all fractions oven-dried at 700 C for 24 hours and weighed. 
i· 
i 
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5.2.6 Final Harvest and Nitrogen Analyses 
Final harvest was on January 23, 1981, except for Partridge 
which was harvested on February 3. An area of 1.8 m2 was hand harvested, 
plants counted and seed threshed on a Vogel plot harvester. Seed loss 
from Rovar pods which had shattered was estimated from a count of seeds 
on the ground after 0.2 m2 quadrats were harvested. Components of 
yield, other than 1000 seed weight, were calculated from a separate 
2 0.2 m quadrat. Seed weight was calculated from a sample of 500 seeds 
2 harvested from the 1.8 m quadrats. A productive pod was defined as one 
which had at least one fully developed seed; productive pod counts were 
used to calculate seeds per pod. Harvest index (HI) and nitrogen harvest 
index (NHI) were calculated on both an area and an individual plant basis. 
Harvested components were analysed for nitrogen from harvests at 27, 70, 
129 and 140 days from sowing, by the method descri bed in Appendi x II I. 
5.2.7 Growth Analysis 
Absolute growth rates (AGR) were calculated for each replicate 
by fitting quadrati"c equations· to the natural log of dry matter at each 
harvest (higher order equations did not significantly increase the fit 
of these lines). 
these equations. 
Dry matter for each harvest was then estimated from 
Relative growth rates (RGR) for each replicate were 
then calculated by differentiating the quadratic equations above, and AGR 
for each harvest was found by multiplying RGR by the estimated dry weights 
obtained. Analyses of variance were conducted on the AGRs at each har-
vest. 
~ -"co " 
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5.2.8 Nitrogen Increase in Whole Tops 
Nitrogen percentage in whole tops was calculated from har-
vests at 43, 57, 85 and 104 days by interpolation from straight lines 
drawn between actual nitrogen percentage in whole tops at 27, 70 and 129 
days. Nitrogen contents and uptake were calculated from the nitrogen 
concentration and estimated dry weights. As nitrogen uptake data were 
derived from interpolation, analysis of variance was not used. 
5.2.9 Statistical AnalYsis 
The results were analysed as a randomised complete block 
experiment with 8 cultivars and 4 replicates. Significance levels are 
indicated as follows: P 00.01; , P < 0.05; NS not signiTicant at 5% 
1 evel. Means were separated by using orthogonal contrasts (Appendix IV): 
1. Tere vs other cultivars 
2. Whero and Partridge vs other cultivars, not Tere 
3. Whero vs Partridge 
4. Rovar and Huka vs Garden cultivars, not Tere 
5. Rovar vs Huka 
6. SSF vs Puke and Pania 
7. Puke vs Pania 
Contrasts 5 - 7 were normally insignificant ana are 
labelled 'others' in tables. 
5.3 RESULTS 
5.3.1 Weather During the Trial 
Very dry conditions prevailed after drilling (Figure 5.1), 
and the potential soil nroisture deficit reached approximately 150, mm 70 
days after drilling, when most cultivars were flowering. However, duri ng 
the early flowering of all cultivars, except Partridge, rainfall was above 
• • • 
• • 
• • 
• • • 
• • • • • • • 
• 
• • 
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Figure 5, 1: 	 Calculated and observed meteorological data from Lincoln 
me teo ro 1cg i ca 1 station (1980/81), 
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the long-term average (Table 5.3, Figure 5.1). 
Table 5.3: Long-term and actual precipitation for Lincoln 
Meteorological Station, October 1980 to January, 1981. 
Long-term Actual precipitation precipitation 
Month (mm month-I) 
October 51 13 
November 51 85 
December 61 29· 
January 56. 25 
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Mean weekly soil temperature increased from the first to the second har-
vest and declined after rain at the third harvest. Distal portions of 
some buds of Rovar and Puke were brown 57 days after drilling. This 
coincided with a light frost 53 days after drilling. 
5.3.2 Available Soil Nittbgen 
Nitrate nitrogen was 14.5 and 15 ppm N in the 0 - 20 and 
20 - 40 cm depths respectively, five days before drilling. Equivalent 
values were 12.5 and 7 ppm N 70 days after drilling. 
5.3.3 Plant Density 
The dry conditions after sowing reduced weed establishment, 
but crop establishment was also reduced. Plant counts at the first 
harvest from 0.2 m2 and at the final harvest from 1.8 m2 are given in 
Table 5.4. The highest plant density of 105 plants m- 2 occurred with 
.",.,.'_ ...... . 
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Partridge. A number of small plants died between first and final 
harvest. 
Table 5.4: Plant populatlon 27 and 129 days after drilling. 
Da~s after drilling 
Cultivar 27 129 
(plants m -2 from 0.2 m2) 
Huka 99 85 
Whero 91 88 
Partridge 105 87 
Rovar 65 75 
Puke 80 67 
Pania 69 63 
Tere 70 51 
SSF 73 59 
LSD .05 13.8** 8.5** 
CV 11.5 8.2 
5.3.4 Seed Yield and Components of Yield 
Seed yields were average for Canterbury, but Partridge yield 
was very low at 96 g m- 2 (Table 5.5). Rovar yields were underestimated 
by 87 g m- 2 (Sx 4.0) due to pod shattering. The very early maturing 
cultivar, Tere, and the late maturing cultivar, Partridge, yielded less 
than other cultivars, although the yield reduction with Tere was not sig-
n ifi can t. Non-productive pods in Tere and Partridge accounted for 7 and 
8 per cent of their total pods respectively. For all other cultivars, non-
-producti ve pods accounted for 1 ess than 2.7 per cent of tota 1 pods. The low 
Partridge yield was caused by significantly fewer pods per plant than other culti-
vars, fewer seeds per pod and a much smaller seed size than other cultivars. 
Although garden peas had more peas per pod than field peas, they had 
, . - . 
. -.;" _ .. 
I •.•••• _ 
I . 
~: ". . -
Table 5.5: Effect of cultivar on seed yield, plant population, number 
of productive pods per plant, peas per pod and seed weight 
at final harvest. 
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Seed Plant Productive Peas 1000 seed Culti var yield population pods pod- 1 weight (g m-2) (pl m- 2) plant-:- 1 (g) 
Huka 360 86 4.5 3.7 241 
Whero 262 79 5.4 3.4 256 
Partridge 96 91 2.9 2.7 169 
Rovar 284 80 5.8 2.6 260 
Puke 269 63 4.7 5.3 218 
Pania 306 74 4.3 5.3 204 
Tere 229 76 4.0 4.4 234 
SSF 270 60 4.1 5.3 218 
LSD 
.05 54.5 12.5 1.3 0.7 7.9 
CV 14.0 11.2 19.6 12.4 2.4 
Orthogonal comparisons, variance ratio, and significance: 
. Cultivars 
(7 d.f.) 17.7** 6.3** 4.1** 21. 3** 121. 9** 
1 : Tere vs other culti vars 3.2 0.0 1.1 2.2 12.2** 
2: Maples vs other cultivars 
not Tere 61. 6** 12.3** 2.0 4.3* 50.5** 
3: Whero vs Partridge 41.9** 4.3* 15.9** 3.9 519.1** 
4: Rovar and Huka vs garden 
peas not Tere 5.9* 20.8** 4.3* 90.7** 228.0** 
5-7: Others 3.9* 2.3 1.9 3.1 14.0** 
.".",-. 
slightly less pods per plant than did field peas (except Partridge). 
These factors, togethe~ with lower plant populations of garden peas 
resulted in reduced seed yields from garden peas (Table 5.5). 
Calculated seed yields generally overestimated the actual 
yields. In Whero, the 40 per cent discrepancy was caused by one 
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replicate. ··When this was omitted from the calculation, the discrepancy 
was reduced to 8 per cent. A similar discrepancy in Tere occurred because 
-2 the area harvested for seed yield had only 76 plants m , whereas that 
used for components of yield had 51 plants m-2 (Tables 5.4, 5.5). 
5.3.5 Crop Growth and Nitrogen Fixation 
Initial growth of Partridge was particularly slow, although 
from 100 days after sowing the rate increased relative to other cultivars, 
which reflects its late maturity (Figures 5.2, 5.3). Initial growth of 
Tere was greater than other cultivars but the major difference was 
between Partridge and other cultivars (Figures 5.4, 5.5; Appendix 5.1). 
Although Tere initially produced a large pod weight per plant (85 days 
after drilling), the weight of peas per plant at the final harvest was 
lower than all except Partridge (Figures 5.2, 5.3). Root dry matters are 
not presented because roots were sampled to 20 cm only and thus do not 
give an accurate indication of root yield. Roots have been observed to 
depths of 80 cm. 
The higher level of nitrogen fixation in the Maple peas 
(Whero and Partridge) in early growth was clearly shown by the orthogonal 
contrasts (Table 5.6). Whero and Partridge reached peak fixation rates 
18 and 39 days resp~tively before flowering, whereas other cultivars 
generally reached peak fixation shortly after flowering started (Figures 
5.4, 5.5). Nitrogenase activity of Whero was greater than other cultivars 
later in the season, which reflected the later maturity of Whero, and 44 
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per cent of fixation activity occurred after flowering. In contrast, 
only two per-cent of the nitrogen fixation of Partridge occurred after 
flowering began. At flowering, Partridge plants were 1.2 m long and 
half of the leaves were at least partially chlorotic, particularly at 
the base of plants where shading occurred. The later maturity of Rovar 
and Huka compared with garden peas was shown by their continued fixation 
when garden peas were dead (Table 5.6). Peak rates of nitrogen uptake 
were closely linked in all species with peak crop growth rates (Figures 
5.4, 5.5). Partridge had a considerably 'lower nitrogen' uptake than 
other cultivars, which' was associated with a lower' plant growth rate. 
The concentration of nitrogen in plant components soon after 
emergence, at flowering, and at final harvest, is shown in Table 5.7. 
Nitrogen concentration of rbots in Maple peas was lower than most culti-
vars initially, but by 70 days after sowing, the situation was reversed. 
A similar trend was observed in plant tops where nitrogen concentration 
declined with age in all cultivars except Tere (Figure 5.6). Because 
cultivars flowered at different times, a direct comparison between culti-
vars at one date does not allow for changes in nitrogen concentration 
with plant development (Figure 5.6). At the final harvest, nitrogen 
concentration of stem plus leaf, and pods were significantly higher in 
Partridge than in other cultivars. Rovar and Huka had the lowest nitro-
gen concentrations in seed, with values of 3.92 and 3.91 per cent nitrogen 
respectively. The highest value was recorded for Tere which had 4.71 
·per cent nitrogen. 
5.3.6 Harvest Index and Nitrogen Harvest Index 
The differences between the two methods of calculation (on a 
per plant and an area basis) were insignificant and as other measurements 
have been on a per plant basis, Figure 5.7 and Appendix 5.2 show values 
,."-.- ••••.• ~_ ••. ' '-f-.~" 
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Table 5.6: Ethylene production at each harvest and estimated nitrogen 
fixed (from acetylene reduction assays). 
Dals from sowing Estimated 
Cultivar 27 43 57 70 84 104 129 nitrogen fixation 
nanomoles C2~ ~lant-1 h- 1 g N -m-2 
Huka 331 1554 1826 2233 1817 177 2.61 
Whero 1137 ,1913 4450 3097 2898 399 4.32 
Partridge 1028 2090 5180 3747 565 167 80 4.11 
Rovar 771 , 1746 2471 3389 2718 95 2.93 
Puke 768 1699 2021 2193 1812 84 1. 96 
Pania 423 1209 1146 1063 1250 56 1.13 
Tere 792 1928 2320 2429 1543 79 1.84 
SSF 572 1826 2326 2273 1325 16 1.77 
LSD 
.05 432 600 1338 1979 1763 97 0.62 
CV 39.5 23.3 33.5 52.8 67.8 49.0 22.1 
Orthogonal comparisons, variance ratios and significance: 
Cul tivars 
(7 d.f.) 3.7* 1.8 9.1** 1.6 1.7 13.3** 16.2** 
1 : Tere vs other cultivars - 0.2 0.9 0.9 0.0 0.1 3.2 7.8* 
2: Maples vs other 
, cultivars, not Tere 17.9** 5.4* 56.4** 4.5* 0.0 51.7** 80.4** 
3 : Whero vs Partridge 0.3 0.4 1.3 0.5 7.8* 25.1** 0.3 
4: Rovar and Huka vs 
garden cultivars, not 
Tere 0.1 0.2 0.6 2.5 2.2 7.9* 19.5** 
I 5-7: Others 2.5 1.9 1.5 1.2 0.6 1.7 l.8 
I 
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Table 5.7: Concentration of nitrogen in plant components 27 and 70 days 
after sowing, and at final harvest. 
Da~s after sowing I 27 70 Final harvest 
Cul tivar Percent nitrogen in: 
Roots Stem Roots Stem Pods Stem Pods Peas + leaf + leaf + 1 eaf 
Huka 2.82 4.61 2.97 3.46 1.41 1.01 3.91 
Whero 2.65 4.62 3.25 3.23 1.19 1.05 4.38 
Partridge 2.93 4.73 3.53 4.00 2.30 2.03 4.29 
Rovar 3;25 4.59 . 2.83 3.15 1.04 0.76 3.92 
Puke 3.06 4.86 2.85 2.98 1.19 0.83 4.47 
Pania 3.24 4.80 2.66 2.93 1.15 0.80 4.29 
Tere 3.22 5.02 2.89 2.57 3.55 1.19 0.98 4.71 
SSF /3.37 4.89 2.90 3.14 I 1.18 0.86 4.70 I 
LSD 0.4 0.36 0.34 0.58 I 0.35 0.25 0.47 
.05 
CV 8.9 5.2 9.8 12.4 17.8 16.3 7.5 
Orthogonal comparisons, variance ratios and significance: 
Cultivars 
(7 d.f.) 3.2* 1.6 5.7** 4.5** 11. 7** 24.0** 3.5* 
, 
1 : Tere vs Others 1.5 4.7* 1.3 10.9** 1.6 0.6 6.15* : 
2: Maoles vs other 
~ultivars not Tere 9.7** 0.5 31.9** 8.5** 31. 2** 94.6** 0.3 
3: Whero vs Partridge 2.0 0.4 3.1 7.6* 43.9** 67.3** 0.2 
4: Rovar and Huka vs 
garden cultivars, 
not Tere 2.2 5.0* 0.9 2.6 0.3 0.5 14.8** , 
5-7: Others 2.4 0.1 1.0 0.6 1.6 1.5 1.0 I 
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Figure 5.6: Changes in nitrogen concentration with time in whole tops 
of eight pea cultivars. Symbols as for Figures 5.2, 5.3. 
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Figure 5.7: Effect of pea cultivar on HI and NHI (per plant) at 
crop maturity. 
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per plant. Maple peas and in particular Partridge were least efficient 
when assessed for their ability to convert crop biomass into seed yield. 
Trends for dry matter and nitrogen were simi-lar. Taken over all culti-
vars, Tere partitioned the greatest proportion of its nitrogen and bio-
mass into seed. 
The amount of nitrogen in plant components on a per plant and 
per m2 basis at final harvest is shown in Table 5.8. Garden peas 
accumulated more nitrogen in peas and in total than other cultivars except 
Whero, although on an area basis nitrogen accumulation of all cultivars 
was similar except for Partridge which was significantly lower. Although 
Ro~ar and Huka had less nitrogen jn_total~on a p]ant basis than garden 
peas, the greater density of Rovar and Huka made these differences insig-
nificant when c6nsidered on a per m2 basis. Seed loss by Rovar also 
reduced the total nitrogen accumulation of this cultivar. The 8.4 g N 
m-
2 in Partridge residues was 91 per cent greater than in Whero, the next 
highest cultivar (Table 5.8). 
5.4 DISCUSSION 
Nitrogen fixation of field peas was greater than that of garden 
cultivars, and of the field peas,. Partridge and Whero fixed approximately 
50 per cent more nitrogen (C2H2) than the mean of Huka and Rovar. The 
seasonal profile of nitrogen fixation in the late maturing Partridge, in 
particular, was marked by an early peak in nitrogenase activity, and 
Partridge also differed from other cultivars in two respects. Firstly, 
plant density was higher and secondly, growth and nitrogen uptake rates 
were lower than other cultivars. The lower than average initial concen-
tration of nitrogen observed in Partridge (Table 5.7) may have two causes. 
Firstly, the higher density would have reduced available soil nitrogen to 
individual plants and secondly, the smaller plants may have explored less 
j'--"" • ,--
i .-
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Table 5.8: Amount of nitrogen in plant components at final harvest. 
mg N 21ant-1 in: 9 N m- 2 
Cultivar Stem + Stem + 
leaf Pods Peas Total 1 eaf Pods Peas Total 
Huka 34 5 154 193 2.9 0.4 13.3 16.6 
Whero 48 7 211 266 3.8 0.6 17.1 21. 5 
Pa rtri dge 88 4 60 153 8.0 0.4 5.0 13.7 
Rovar 28 7 151 187 2.3 0.6 12.2 15.0 
Puke 37 9 242 288 2.3 0.6 15.1 18.0 
Pan;a 32 7 198 238 2.4 0.6 14.6 17.5 
Tere 24 10 194 209 1.8 0.8 14.5 17.4 
SSF 35 10 222 267 2.1 0.6 13.5 16.2 
LSD .05 12.3 2.4 67 74 1.08 0.22 5.95 6.96 
CIf 20.5 21.6 25.5 22.3 22.9 25.9 30.8 27.8 
Orthogonal comparisons, variance ratios and significance: 
Cultivar 
(7 d.f.) 24.1** 6.6** 6.3** 3.5* 30.9** 2.8* 3.2* 0.9 
1 : Tere vs other cul ti vars 19.1** 6.7* 0.5 0.5 16.7** 12.0** 0.5 0.0 
2: Map 1 es vs othe r 
cultivars not Tere 100.0**- 7.7* 9.3** 1.4 13.2** 0.6 2.5 0.2 
, 
3: Whero vs Partridge 46.6** 6.6* 21.8** 10 . 1 ** 64.9** 3.1 17.9** 5.4* 
4: Rovar and Huka vs 
garden cultivars, 
not Tere 0.8 14.7** 10 .6** 10.5*" 1.0 1.3 0.8 0.4 
5-7: Others 0.5 3.5* 0.6 0;7 0.6 0.9 0.1 0.2 
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soil. Differences in nitrogen fixation as a result of changing density 
-in peas has not received much attention,-but a number of' studies with the 
upright growing tick bean have shown' that ni"trogenaseactivity per plant 
varies inversely with increasing plant densi"ty -(Sprent and Bradford, 
1977; Sprent et al., 1977). Partridge established the highest plant 
density which could~have increased the competition for combined nitrogen, 
light, and moisture, compared.to other cultivars. Pea plants grown 
under decreasing levels of soil nitrogen showed decreased nitrogen con-
centrations in the experiments of Sosulski and Buchan (1978), and Mahon 
and Child (1979), and similar trends with 'lucerne, 'ladino clover and soy-
bean have been observed (McAuliffe et al.~ 1958; L~wn and Brun, 1974b). 
Thus, the lower nitrogen concentration in Partridge may have resulted 
from a soil nitrogen defici~. Although the deficit has not been shown 
unequi voca 11y, the increased nitrogenase acti vity of Partridge pl ants 
supports this. 
Later in crop development, the supply of mineral nitrogen to all 
cultivars is likely to have increased as it is known that in similar 
soils in Canterbury, mineral isation of organic nitrogen increases rapidly 
during the summer (Ludecke and Tham, 1971; Hart, 1978). In this trial, 
nitrogen may have been immobilised during the phase of active microbial 
activity, following initial cultivation, with subsequent release of soil 
nitrogen as the ryegrass decomposed (Russell, 1973). For thi s to be 
ascerta"inedaccurately, fallow plots would have been necessary, to measure 
available nitrogen levels without the confounding influence of nitrogen 
uptake by crops. Values of 13 and 7 ppm N03-N for 0- 20 and 20 - 40 cm 
respectively show that the actual level of nitrogen under the crop was 
above the level where positive yield responses to N fertiliser in wheat 
may be expected (Ludecke, 1974). Although the actual rate of mineralisat-
ion i sunknown ,an increased availability of soil nitrogen may be postu-
lated from Figures 5.4 and 5.5. Regardless of the pattern of nitrogen 
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fixati on, a 11 culti va rs reach.ed peak 1 evel s of nitrogen uptake s imultan-
eously,-andthe reliance on nitrogen fixation was reduced in all cultivars 
from approximately 70 days. 
At 80 days after sowing, Partridge had the lowest growth and nitro-
gen uptake rates, and thus the lowest demand for nitrogen. From studies 
with a'rangeof pasture legumes and soybeans, Allos and Bartholomew (1959) 
considered tnat for preference legumes use nitrogen which is available in 
the soil, and that fixation occurs only when the nitrogen supply is 
inadequate. Nitrogen fixation in peas may be less sensitive to soil 
nitrate tnan tne legumes used by the above workers, but Oghoghorie and 
Pate (1971) and Sosu1~ki and Buchan (1978) still showed reductions in 
fixed nitrogen as levels of nitrate increased'. In the present trial, as 
availabil ity of soil nitrogen increased, the re1'iance on fixation of all 
cultivars would have been reduced. This was most significant with 
Partridge, most probably because it accumulated the lowest total nitrogen 
in above-ground herbage. The nitrogen concentration data in Table 5.7 
provide further indirect evidence in support of the hypothesis that 
increased soil nitrogen reduced nitrogen fixation particularly in Part-
ridge. Seventy days after drilling, when nitrogen fixation of Partridge 
had started to decline rapidly, nitrogen concentration was the highest of 
a 11 culti vars. Only some of th.is difference was accounted for by the 
later maturity of Partridge (Figure 5.6). Thus, early in growth when 
fixation was required to fill a deficit in plant nitrogen, nitrogenase 
activity was high, whereas fixation was depressed later when plant nitro-
gen requirements were met by adequate levels of soil nitrogen. At the 
final harvest, the smaller overall requirement for plant nitrogen in 
Partridge was evident in the total nitrogen of only 13.7 compared with 
the mean of 17.5 (g N m- 2) from other cu1tivars. 
Nitrogen fixation may also have been depressed by self shading in 
the tall growing Partridge and to a lesser extent in Whero. Pate and 
, ,. 
, 
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Flinn (1973) showed that for field peas, lower leaves are an important 
source of carbohydrate for nodules .. Lower leaves of these Maple peas 
became noticeably chlorotic from approximately 85 days after sowing. 
The reduced carbohydrate output from senescing'leaves may have caused 
some carbohydrate stress to occur in the nodules of these cultivars. 
Nitrogen fixation continued for longer in Whero than in other 
cultivars. This was reflected in the significantly higher nitrogen 
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yield (21.5 g N m- 2) of Whero, compared with other cultivars. If pro-
tein yield of herbage is important, then Wherowould be the best cultivar 
to grow. The low peak in nitrogen fixation in Pania may have been' 
caused by sampling errors .. The possibility that differences in rooting 
depth caused some of these seasonal ni'trogenfixation profiles merits 
further study. 
The early peak in nitrogen fixation of Maple peas may have another 
explanation. Nitrogenase activity measured by acetylene reduction 
incorporates hydrogen evolution;, thus nitrogen fixation may be over-
estimated (Schubert and Evans, 1976). Gibson (1978) assessed a range of 
pasture and grain legumes for their relative efficiencies and concluded 
that hydrogen production may have resulted from "spill over" respi ration 
as the most ready means of getting ri d of excess energy. Demand for 
photosynthate from nodulated plants is likely to be highest when plants 
are small and forming nodules, and again during pod filling, when energy-
rich seeds are formed. At these stages, relative efficiency is likely 
to be grea tes t. The relative efficiency of pea plants (grown in a con-
trolled environment, but with insolation similar to levels experienced 
in Canterbury) was highest very early in growth (0.92) with a marked 
depression to 0.52 during vegetative growth and an increase to 0.99 near 
maturity (Bethlenfalvay et al., 1978). Thus, peas in the present trial 
which showed large peaks in nitrogenase activity during vegetative growth 
may have been operating at a relative efficiency of approximately 0.5. 
.. -".-- .. -
_',0,',-," ••••.•. 
163 
If thiswere the case, nitrogen fixation would have been overestimated. 
Plants with-low-relative efficiencies, however, are frequently the most 
productive in terms of dry matter and plant nitrogen (Gibson, 1978). 
Partridge in the present trial produced less dry matter and plant nitro-
gen than other cultivars, and so if a negative correlation existed 
between relative efficiency and plant production, Partridge was likely 
to be more efficient than other cultivars. 
Nitrogen fixation rates recorded in this trial were low compared 
with some values published for peas grown without nitrogen (Bethlenfal-
vay et al., 1978), or in low fertility (Rhodes, 1980). Other workers have 
sh'own similar values to thosE;! obtained in this trial when peas have been 
grown in fertile conditions (~1ahler et al., 1979; Sosulski and Buchan, 1978). 
Estimates of nitrogen fixation over the life of a crop require' a 
mathematical summation of many assays on replicate plots (La Rue and 
Patterson, 1981). Estimates of total nitrogen fixation based solely on 
a few acetylene reduction assays may be very inaccurate because of, 
1) diurnal variation in nitrogen fixing activity (Minchin and Pate, ' 
1974; Pate and Greig, 1968); 2) changes' in the ratio of ethylene formed 
to nitrogen fixed (Hardy et al., 1973), and 3) variation in the relative 
efficiency of nitrogen fixation (Bethlenfalvay et al., 1978). 
Although cultivars may have responded differently to at least some of 
these factors, the values for total nitrogen fixation presented (Table 
5.6) suggest that Maple peas fixed ~ore nitrogen than other cultivars, 
and that garden peas fixed the least. Much plant breeding is done on 
soils of high fertility and, as increased fertility reduces the reliance 
of plants on symbiotic nitrogen, it is possible that highly bred culti-
vars rely more on soil nitrogen, than on nitrogen fixation (Sprent, 
1979) . Partridge in particular, and Whero indirectly (as its p~rentage 
is based on Partridge), have not been bred as intensively as other culti-
vars. For this reason, Maple peas may rely more on nitrogen fixation 
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for their nitrogen requirements, than other cultivars. Garden peas, 
however,ha ve-been Ga refull y- selected for even pod and pea development, 
and the self destruct mechanism; (Sfnclair and de Wit, 1975) is likely to 
have a greater influence on these highly-determinate cultivars when 
carbohydrate supply is inadequate for fixation and growth. Huka, Rovar 
and Whero were also determinate and if inadequate carbohydrate supply 
caused reduced garden pea fixation, it should have also reduced fixation 
in these cultivars. Thus the differences in total fixation are more 
likely to reflect genetic characteristics. Nitrogen fixation is also 
known to be sensitive to drought (Chapters- 3 and 4) and the dry conditions 
experienced durin~ pod development of all cultivars is very likely to 
have further reduced nitrogen-fixing activity. 
. -2 Seed yi e 1 ds were hi ghes t in Hu ka with 360 g m The seed losses 
due to pod shattering in Rovar highlight the need for careful timing of 
harvest. Even at maturity, Rovar remained relatively upright which may 
have helped the crop to dry out more rapidly than more prostrate culti-
vars. The upright nature would also reduce the likelihood of stone 
damage in harvesting equipment. Partridge also differed markedly from 
other cultivars in the very low seed and total nitrogen yields obtained. 
As pea yields are influenced by plant density, some of the differences in 
seed yield may possibly be attributed to the varied densities. Popu-
lation differences resulted from both dry conditions after sowing, which 
caused variable establishment, and from the sowing equipment used. 
Pa rtri dge had the sma 11 es t seed and the seed ho 1 es in the Stanhay belts 
may have allowed two seeds to be sown at one time. Although a number of 
workers have shown density yield relationships in garden peas, there are 
few reports for field peas . Falloon and White (1978) grew Huka and 
.. WheroinCanterbury and showed -1 itt 1 e d Hference in seed yield between 50 
-2 . -2 ~nd 170 plants m .. ~for Huka, and 50 and 130 plants m for Whero. Ander-
son and White (1974) reported that the garden pea cv. Victory Freezer 
"'"-.'"--."-;;'.'-':"" 
\_. 
-2 reached a maximum seed yield at 105 plants m ,but differences were 
insignificant between 52 and 358 plantsm-2 White et ai. (1982) 
showed that seed yields did not differ significantly between 100 and 
200 plants m- 2, although yield responses with Victory Freezer were dif-
ferent in the two seasons of their trial. From this information, it 
seems likely that seed yields were not affected by the different plant 
densities, although yield components may have been influenced. Com-
ponents of yield are normally inversely'related to plant density 
(Gritton and Eastin, 1968; Meadley and"Milbourn, 1970; Falloon and 
White, 1978, 1980) and in this trial, small differences were recorded 
fo~ alJcultivars, with the exception of Partridge (Table 5.5). The 
very 1 ate fl oweri ng of Pa rtri dge was associated with both reduced pods 
per plant and s~eds per pod. As Partridge flowered during a drought 
and the percentage of non-productive pods'was increased, it is reason-
able to suggest drought stress reduced these yield components. The 
differences observed in seed size are largely of genetic origin. 
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The discrepancies observed between calculated seed yields based on 
0.2 m2 quadrats and actual seed yields from 1.8 m2 quadrats highlight the 
need for large and representative areas to be used for the calculation of 
components of yield. Seed losses in the harvester, used for seed 
threshing, would also widen the discrepancies as no seeds were lost from 
2 hand podded 0.2 m quadrats. Similar and regular plant densities 
were not established because of the dry conditions at sowing, which 
resulted in uneven plant emergence and mortality of some plants which 
emerged 1 ate. The application of irrigation, as a basal treatment, to 
all plants soon after sowing would have enhanced plant emergence. This 
was not available. 
- Hardwick and Milbourn (.1967) -showed that garden peas are highly 
plasti~ plants. That is, pea plants possess a number of physiological 
mechanisms by which components of yield are adjusted to prevailing con-
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ditions. As the responses cannot be reversed, they are preserved in the 
plant-structure until final harvest, and can-then-beused as a record of 
the plant development. 
Branching ability in garden peas harvested green is an undesirable 
characteristic as pods on branches generally mature later than those on 
main stems (Hardwick and Milbourn, 1967). Peas grown as a dry seed crop 
may benefit from a branching ability if established densities are low. 
Falloon and White (1978) showed the marked superiority in branching 
ability of Huka over Whero at densities of up to 100 plants m- 2. At 25 
plants m- 2, Huka had 2.5 compared with Whero which had 0.5 branches 
pla"nt-1. Branching ability may help to suppress weeds, but increased 
seeding rates are more likely to reduce weed populations (Anderson, 1971; 
Falloon and White, 1978). 
The one branch per plant produced by Huka and Rovar helped to 
increase their seed yields over those of other cultivars, by increasing the 
number of sites for pods to develolJ (Plate S.la, b). Rovar and Huka had more 
pods per plant than garden peas, but fewer than Whero. The tall growth of 
" Whero would also "increase sites for pod development. Although Partridge 
was the tallest and produced more nodes than other peas, pod numbers were 
the lowest recorded. This may" reflect the late flowering during a 
drought. Salter (1963) studied the effect of 10 combinations of wet or 
dry soil conditions on the yield of vining peas. Irrigation at the start 
of flowering increased pod and pea numbers, while irrigation during pod 
swelling increased pod number. Although peas in the experiment reported 
here were not irrigated, Figure 5.1 shows that rain which fell during 
flowering of garden peas was likely to enhance pod set and the number 
of peas per pod. Peas per pod were greatest in the early maturing culti-
var, Tere,which suggests a-response to rainfall at this time. Peas per 
pod were lower in Rovar because of seed losses through ~od shattering. 
I 
,-
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Plate S.la: Field peas 69 days after sowing. 
(from left: Huka, Whero, Partridge, Rovar) 
Plate 5.1b: Garden peas 69 days after sowing. 
(from left: Puke, Pania, Tere, Small Sieve Freezer) 
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Differences in seed size are most likely to have resulted from 
-genetic factors, as- i rrigatfon generally influences this factor less than 
other components (Stoker, 1937, 1977; Martin and Tabley, 1981). 
Partri dge seed is norma) 1y small, but the overall very poor performance 
of this cultivar is a result of sowing at a time which is unsuitable for 
the full development of its normal yield potential. 
The very late development of Partridge was further shown by the low 
harvest indices (Figure 5.7, Appendix 5.2). In contrast, the very early 
maturing cultivar Tere had a harvest index of 58 per cent which equalled 
Huka and was si gni fi cantly greater than other culti vars. Hocking 
(i982) showed that severe water stress significantly reduced the ability 
of blue lupin (L. angustifolius) to redistribute nutrients from senescing 
leaflets. In Canterbury, irrigation increased blue lupin yields, but 
reduced the proportion of crop dry matter that was seed (Herbert, 1977). 
Harvest index for another lupin species, L. albus, was less than 0.22 
when grown in a wetter than usual season in Canterbury (Herbert, 1977). 
Thus there are two processes which influence harvest indices. Severe 
drought which causes premature senescence will reduce HI and NHI, and 
irrigation may also reduce HI and NHI by greatly increasing biomass pro-
d~ction without a simtlar increase in seed yield. Partridge became 
senescent soon after flowering began, because of the drought which sig-
nificantly reduced its harvest indices. Tere, however, stored 85 per 
. cent of its above-ground nitrogen in seeds, possibly because of the 
early flowering which would allow greater plant development before 
drought stress reduced growth in other cultivars. 
Nitrogen harvest index has implications for the fertility building 
role of peas in crop rotations. Farmers are not paid on protein yield 
in seed, but on seed dry matter. Thus, from a purely economic point of 
view, a crop which produces a large seed yield with much of the plant 
nitrogen remaining in residues will give good gross margins. These 
, .. ,,' 
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high protein residues could then be used for stock feed after harvest 
or as -hay with~subsequentteturn of-nitrogen to the soil. ~eed protein 
levels are important in peas when the seed is used for'human or animal 
nutrition. and seed protein measurements could be incorporated ina pricing 
structure. In this respect, Huka and Rovar had the lowest seed protein 
- levels with highest seed yields. 
5.5 CONCLUSIONS 
The eight pea cultivars studied showed that considerable variability 
exists in seasonal profiles of nitrogen fixation. This variability may 
be utilised in breeding programmes to increase the reliance of plants on 
atmospheric nitrogen. if payouts to farmers are based on protein yield 
instead of se~d dry matter, the objective of increased fixation may be 
more rapidly realised. At present, field peas appear to rely less on 
soil nitrogen than do garden pea cu1tivars, and-where soil fertility 
maintenanc~ is important these cultivars should be chosen. 
Soil nitrogen availability in particular, and inadequate soil moist-
ure, appeared to limit nitrogen fixation more than inadequate supplies of 
photosynthate to nodules. Although the cause of the very early peak in 
nitrogen fixation of Partridge was not conclusively ascertained, the slow 
growth rate and therefore reduced demand for nitrogen suggest that soil 
nitrogen was more than adequate for this cu1tivar, after an initial soil 
nitrogen shortage was overcome by increased nitrogen fixation. Se1 f-
shading of lower leaves may have reduced photosynthate supply to nodules, 
but this shading became prominent after the peak was reached, and thus 
.did not cause the peak. The seed yield of only 96 g m- 2 for Partridge 
showed that this very late maturing cultivar must be autumn- or winter-
sown to achieve more economic yields. Seed size of Partridge was much 
smaller than other cu1tivars and yield of this cultivar may always be 
' .• <-. '.-',,--.--'~' •.• -" . 
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limited because of this characteristic. Of the cultivars tested, Huka 
was the best asit-Yield~d most seed (360 9 m- 2). 
i·.· 
CHAPTER 6 
DIURNAL VARIATION IN NITROGEN-FIXING ACTIVITY IN PEAS 
6.1 INTRODUCTION 
The validity of the acetylene reduction assay to measure total 
nitrogen fixation has been frequently questioned (Bergersen, 1970; 
Raper and Patterson, 1972; Goh et al., 1978; Witty, 1979). A few 
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one-hour assays over the growth of a crop are not likely to reflect the 
total nitrogen fixation, because of fluctuations in diurnal nitrogen 
fixation rates (Goh et al., 1978). Assessment of the influence of 
diurnal variation in calculations of nitrogen fixed by white clover in 
New Zealand by Carran, Rumball, Tough, Brock and Crush (1982) showed gen-
erally small diurnal variation in activity, with considerable variability 
between assays. Although nitrogen-fixing activity was generally lower 
at night than during the day, night-time increases in activity were 
observed. 
Although these diurnal fluctuations in fixation rates make it dif-
ficult to estimate daily totals of nitrogen fixation, they do allow field 
assessment of the factors which limit fixation. A IItypical ll diurnal pro-
file of a daytime peak in di-nitrogen fixation rate, followed by a decline I." 
throughout the night, is generally taken to indicate that di-nitrogen 
fixation relies on current photosynthesis (Hardy and Havelka, 1976; 
Minchin et al., 1981). Hardy and Havelka (1976) considered that 
inadequate photosynthate supply frequently limits nitrogen fixation in 
grain legumes, and particularly in soybeans. The supply of photosynthate 
is important during seed growth when nodules and seeds compete for avail-
able carbohydrate (Sinclair and de Wit, 1975). L i pi d and protein contents 
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of soybean seeds are higher than those of peas (Sinclair and de Wit, 
1975; Hill et al~, 1977)f and thus the competition for photosynthate 
between nodules and seeds will be greater for soybeans than for peas. 
In the tropics where soybeans are frequently grown (FAO Production 
Yearbook, 1982), the net photosynthate available for nitrogen fixation 
may not~be adequate as day length is limited to approximately 12 hours, 
and warm night temperatures increase respiratory losses. In contrast, 
peas grown in Canterbury experience summer days of high insolation with 
day-lengths of up to 15.5 hours, and with night temperatures frequently 
less than 150 C. These conditions are known to favour dry matter pro-
duCtion and nitrogen fixation of this species (Roponen etal., 1970; 
Minchin and Pate, 1974). Thus the conclusion reached by Hardy and 
Havelka (1976) of inadequate photosyntha~e supply limiting hitrogen 
fixation, may be valid for soybeans grown in tropical climates, but may 
not be valid for peas in Canterbury. 
Diurnal changes in temperature may have a considerable effect on the 
daily pattern of nitrogen fixation. In soybeans, Gibson (1976) showed 
the positive effect of increased acetylene reduction assay temperatures 
on nitrogen fixation, although the three temperatures at which plants had 
been grown modified the responses. Although the effect of incubation 
temperature per se in peas has not been assessed, peas are known to have 
a broadly based temperature optimum between 10 and 300 C (Pate, 1977a), 
but nitrogen fixation may be-reduced by temperatures above 220 C (Wheeler 
and Lawrie, 1976). Constant temperatures (180 C) also reduced nitrogen 
fixation, whereas a cool night (120 C) and warm day (180 C) enhanced fixat-
ion (Minchin and Pate, 1974). Temperatures in Canterbury during north-
. 0 
westerly (fohn) winds frequently exceed 20 C and so nitrogen fixation 
during these winds may be reduced as a direct result of heat stress and 
not as a result of diurnal cycles. 
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The aims of this study were: 
i) To assess variation in acetylene reduction activity during three 
diurnal cycles. 
ii) To identify discrepancies between estimates of daily fixation based 
on either a mean of nine assays or estimates from individual assays. 
iii) To relate diurnal cycles of nitrogen fixation in peas to both the 
changing demands made by developing reproductive structures and to 
temperature changes. This aim was subjective, as growth changes 
were confounded by environmental conditions. 
6.2 METHODS 
Trial plots for this study formed part of the Crop Research Division 
pea cu1tivar trial at DSIR, Lincoln. Two year pasture preceded the 
tri a 1 . 
6.2.1 Crop Establishment 
Maple peas cv. Whero were sown on 30 September 1981, at a 
rate designed to give 100 plants m- 2 The soil, a Templeton silt loam, 
received 250 kg ha- 1 of serpentine reverted superphosphate (4.5 per cent 
citric acid soluble phosphorus and 16 per cent calcium) prior to crop 
. estab 1 i shment. Plots measured 1.5 m x 10 m and were replicated 4 times. 
6.2.2 Acetylene Reduction Assays 
Diurnal changes in acetylene reduction were measured at 
three hourly intervals from 1700 h(New Zealand Standard Time), over 
three 24 hour cycles; cycle 1 at bud formation (26/11/81), cycle 2 at 
first flower (5/12/81), and cycle 3 at pod fill (19/12/81). Departures 
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from the three hourly intervals at cycles 1 and 3 are plotted in Figure 
·6.1. - -Dates were-chosen to coincide with stable weather conditions, with 
wind from the north-east. This wind is the prevailing wind at Lincoln, 
and is characterised by relative humidities above 80 per cent (Christ-
church Meteorological Service, pers~ comm.). 
At each assay, plants from 0.1 m2 were dug, whole root 
systems counted, and incubated as described previously (Appendix r). 
Temperatures in the incubation pit, and at 5 and 10 cm depth in the soil 
under the pea canopy, were recorded at the start, and in the pit at the 
end of each incubation period. Before each assay, jars· were stored in 
the shade where their temperatures would have been close to the screen 
air temperature. Incubation temperatures were calculated from the mean 
of screen air and pit temperatures, to allow for the time-lag between 
the start of assay and equilibration of root temperature with pit temperat-
ure. 
At the first cycle, plant tops only were retained for dry 
matter determination, but in subsequent cycles, roots were washed and 
nodules greater than 1 mm were removed. Oven dry weights of roots and 
nodules were recorded separately. . Nodule dry weight per plant was used 
as a covariate when calculating ethylene production (Appendix 6. 1). 
At cycles 1 and 3, gravimetric soil moistures were determined 
to 20 cm. On 14 December 1981, during pod filling, approximately 25 mm 
water were applied by spray irrigation. 
6.3 RESULTS 
6.3.1 Weather 
The conditions prevailing through most of this trial are 
shown in Table 6.1, from data obtained from the DSIR Meteorological 
Station at Lincoln. 
Table 6.1: Wind direction and photosynthetically active radiation 
two days prior to and including the periods of assay. 
Days .. Photosynthetically Wi rid :di recti on prior to active radiation 
start 
of C,lcle C,lcle 
24 h 1 2 3 1 2 3 cycl es 
2 NE NW NE 10.5 9.8 6.5 
1 NE NE S 12.3 11.8 8.6 
Period NE SE S 12.7 8.8 9.1 
of 
Assay NW NE* NE 11. 7 9.9 13.7 
* North-west~rly wind developed in the afternoon. 
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Ryu (1978) obtained soil water potential data for a Temple-
ton silt loan three kilometres from this trial site. He measured water 
contents of 0.39 and 0.12 cm3 water cm- 3 soil in the top 20 cm, at -0.2 
bars and -15 bars respectively. From a curve calculated from Ryu's 
data (Appendix 6.2), and from the gravimetric soil moistures obtained in 
this experiment, the soil water potential (0 ~ 20 cm) was -7 bars at the 
start of this trial (25/11/81), and at the completion (5/12/81), three 
days after spray irrigation, the water potential was -9 bars. No rain 
fell between cycles one and two, and 9 mm fell between cycles two and 
three. Evaporation between irrigation applied on 14/12/81 and cycle 3 
(19/12/81) was 21 mm, measured at the DSIR Meteorological Station, with 
an American Class A pan. During cycle 2, plants wilted during the day. 
Moisture was noted on the plants during the night of each assay, although 
meteorological data showed that no dew fall occurred. Humidity and 
incubation temperatures are given in Table 6.2. Northwesterly wind was 
accompanied by a relative humidity of 21 per cent (Table 6.2). 
:. , 
Table 6.2: Humidity and incubation temperatures during'three 
diurnal cycles. 
Relative Incubation 
Time humi dity temperature 
NZST C~cle C~cle 
1 2 3 1 2 3 
1700 60 72 56 13 14 15 
2000 75 79 70 13 14 14 
2300 80 80 72 12 13 13 
0200 84 82 73 11 13 13 
0500 89 81 74 10 13 12 
0800 54 57 58 15 15 13 
1100 50 48 45 18 15 15 
1400 57 21 48 18 20 16 
1700 53 21 56 17 19 15 
6.3.2 Crop Growth 
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Between bud formation and flowering, pea top dry matter 
increased at 23 g m- 2 day-l and in the second interval, tops increased 
at.15 g m- 2 day-I. Vine length and nodes increased from initial values 
of 68 cm and 15 nodes respectively to 116 and 23 at the end of the trial 
period. 
6.3.3 Data Analysis 
At each cycle differences were observed between the rates 
of fixation measured at 1700 h for the start and at 1700 h for the com-
pletion of the 24 h periods (Figure 6.1). These differences were caused 
by environmental changes (e.g., increasing drought) upon which the 
diurnal cycles were superimposed. To show clearly the diurnal cycles, 
the initial rate at 1700 h was adjusted to equal the final rate. Assays 
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in between were adjusted by a percentage which depended on their position 
-relative to the final 1700 h assay. The initial diurnal trends remained 
after these corrections were made (Figure 6.1). 
6.3.4 Effect of Diurnal Cycles on Calculations of Total Nitrogen 
Fixation 
Figure 6.2 shows total ethylene production per plant per day 
calculated from individual daytime assays and' from the mean of all assays 
at each cycle. Assays at 1100 or 1400 h gave better estimates of the 
overall mean than other assays. Data for Figure 6.2 used the initial 
ethylene production values, with no adjustments for environmental changes. 
6.3.5 Nitrogen Fixation 
At bud formation, ethylene per plant per hour showed no 
obvious diurnal trends (Figure 6.1), but nitrogen fixation at flowering 
increased during the night and reached a peak at 0800 h (Figure 6.1). 
Soil moisture level (0 - 20 cm) was very low as no rain fell between bud 
formation and flowering. By pod fill, which occurred after the irrigat-
ion on 14/12/81, nitrogen fixation was reduced between 2300 and 1100 
hours (Figure 6.1). 
The relationship of ethylene production to nodule dry weight 
(Figures 6.3, 6.4) at cycles 2 and 3 showed that ethylene production 
increased with nodule weight. separation of the relationship into night 
and day, at cycle 2, did not increase the coefficient of determination, 
but in cycle 3 (Figure 6.4), less ethylene was produced during the night 
than during the day. Two plants with nodule weights greater than 40 mg 
-1 plant markedly influenced the ~ight-time regression line. 
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At cycle 2, an increase in incubation temperature did not 
result in increased nitrogen fixation. Northwesterly· wind, however, 
was associated with depressed fixation. At cycle 3, for each one degree 
change in incubation temperature, ethylene production was altered by 
. -1 -1 ( ) 160 nmoles C2H4 plant h Figure 6.5. Incubation temperature dropped 
four degrees between day and night and thus from the regression equation~ 
nitrogen fixation may have been depressed by 640 nmoles C2H4 plant-
1 h- 1 
6.4 DISCUSSION 
6.4.1 Calculation of Total Nitrogen Fixation 
The large discrepancies frequently noted in the calculation 
of total nitrogen fixation highiights the caution needed when using a 
single assay per day. Assays between 1100 - 1400 hours may give the 
most accurate indication of daily nitrogen fixation when only one assay 
per day is possible. Weather patterns influence the optimum time of 
assay, but more detailed studies are needed to elucidate these effects. 
In particular, northwesterly winds occurring during periods of water-
stress have a marked influence on diurnal cycles of nitrogen fixation 
(Figure 6.5). The usefulness of acetylene reduction as a measure of the 
effect of agronomic treatments on nitrogen fixation is not altered by 
:-' . - . -. ~ ~' .. 
these results, unless individual diurnal cycles are altered by particular : . 
trea tments. Differing cycles may occur in trials incorporating irrigat-
ion treatments. When plants are water-stressed, northwesterly wind may 
alter the diurnal cycles in a manner which contrasts with cycles from 
fully irrigated plots. 
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6.4.2 Growth Rates and Nitrogen Fixation at the Three Cycles 
The rapid growth of peas over the experimental period 
indicated that roots must have obtained adequate moisture from below 
20 cm. Rates of acetylene reduction, however, were lower than those 
frequently reported for field-grown peas (Chen and Phillips, 1977; 
Rhodes, 1980), although peas grown in the field with adequate soil 
nitrate (Dean and Clark, 1980) showed similar rates; High levels of 
available soil nitrate reduce nitrogen fixationin'grain legumes (Mahon 
and Child, 1979; Dean and Clark, 1980) and as this trial was preceded 
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by' two years of pasture, mineral nitrogen levels are likely to have been 
high enough to depress nitrogen fixation. At the levels of nitrogenase 
activity observed in this trial" the carbohydrate demand of the nodules 
\vould be less than that of plants with more active nodules. In peas 
(Minchin and Pate, 1973) and soybeans (Hardy et 'aI., 1968), the level of 
nitrogen fixation has been shown to increase as plant demand for nitrogen 
increases during reproductive growth. An overall increase in nitrogen 
fixation was observed in this trial also (Figure 6.1), but at cycles 2 
and 3, nitrogenase activity was declining during the 24 hour periods. 
Although diurnal cycles cannot be compared directly because 
of the confounding effect of growth differences and varying weather con-
ditions at each assay, some qualitative comparisons can be made. 
Bud formation: The lack of a clear diurnal cycle at bud formation sug-
gested that soil moisture and carbohydrate were adequate for fixation at 
the level observed throughout the 24 hour period. Sheikholeslam et aI. 
(1980) showed that peas grown under insolation levels of 10 MJ m- 2 day-l 
stored photosynthate in root nodules. Photosynthetically active radiat-
ion was 12.7 MJ m- 2 day-l at cycle 1 and thus enough carbohydrate storage 
may have occurred in these pea plants to enable continued fixation during 
the night. 
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Flowering: Diurnal cycles of nitrogen fixation frequently show increased 
activity during the day and reduced activity during the night (Hardy et 
al., 1968; Bergersen, 1970; Mague and Burris, 1972; Minchin and Pate, 
1974; Ayanaba and Lawson, 1977). Insufficient carbohydrate supply to 
the nodules during the night is generally accepted as the cause of the 
night-time-depression. At cycle 2, carbohydrate supply was adequate for 
night-time fixation, as nodule activity increased at· this time. Thus. 
other environmental influences, discussed below, must have limited the 
day-time fixation, and allowed the increase at night. Although plants 
were activ~ly· growing, soil moisture between 0 - 20 cm was depleted as 
there had been no rain for 15 days. Water loss from transpiration 
exceeded uptake, indicated by the wilted plants in the afternoon of 
cycle 2. The dry soil surrounding the sampled nodules may have directly 
affected nodule function. Nodules require an adequate water supply to 
export the products of nitrogen fixation. Minchin and Pate (1973) showed 
that approximately half of the water supply of nodules may be drawn from 
the phloem when plants are adequately watered, but when plants are water 
stressed, nodules rely more heavily on water supplied by the xylem flow 
(Sprent, 1972c). As nodule structure is designed for efficient gas 
exchange (Sprent, 1976a), water loss from nodule surfaces results in 
desiccation, when other sources of water are inadequate (Sprent, 1972c). 
Minchin and Pate (1975) showed that drought stress in peas 
reduced total nitrogen in the tops without a similar reduction in root 
nitrogen. Thus, nitrogen transport from the roots appeared to have been 
reduced in their experiments. If drought during flowering was sufficient 
to shut stomata and thus reduce total water flow through the plant, nitro-
gen fixation products could have accumulated in the nodules with sub-
sequent reductions in nitrogen fixation. Growth rates, however, were 
high during this trial so that gas exchange, water loss and therefore 
water movement must have continued. Thus nitrogen build-up in the nod-
---. 
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u1es per se, is unlikely to have caused the diurnal cycle observed at 
floweri ng. Duringdrought i inadequate supplies ofphotosynthate may 
limit nitrogen fixation, but with the rapid growth rate ubserved, photo-
synthesis must have continued and thus supplies of photosynthate are not 
likely to have limited nitrogen fixation. The increased rate of nitro-
gen fixatinn during the night also suggests that stored photosynthate 
was more than adequate for nitrogen fixation. 
Thus it appears that the reduced fixation from 0800 hours 
was caused by desiccation of nodules and direct'water loss during the 
afternoon caused by the dry soil atmosphere and inadequate supplies of 
wa'tervia the xylem or phloem. Di rect measurements of nodu1 e turgi dity 
during diurnal cycles at various levels of soil moisture would allow the 
cause of the depression in nitrogen fixation to be further evaluated. 
At the second cycle, nitrogen fixation was reduced in the late afternoon 
when northwesterly wind blew. Low relative humidity and high air 
temperatures coupled with the dry soil surrounding the sampled nodules 
may have been responsible for the decline. Sprent (1971b) suggested 
that desiccation of nodules near the soil surface may result in reduced 
oxygen uptake and thus nitrogen fixation. Although the time between 
di~ging of plants and incubation was kept as short as possible, the low 
humidity and warm temperatures may have rapidly desiccated nodules. 
Assays of plants in situ would overcome this problem. 
Pod Fill: At pod fill nitrogen fixation was limited from approximately 
2300 to 1100 hours. Drought stress in the nodules of these plants had 
been reduced by irrigation, but the marked decline in fixation from the 
initial rate to that observed 24 hours later (Figure 6.1) could have been 
caused by a gradual reduction in plant available water, or from inadequate 
supplies of photosynthate. Pate (1977a) considered that availability of 
photosynthate to nodules is a most likely pace-setting factor in nitrogen 
~ .. :, ..... , '.-.~. ',' 
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fixation of peas. Levels of insolation used in the study of diurnal 
variation -(Bergersen, 1970; Day and Dart, 1970; Minchin and Pate, 1974) 
are often less than those recorded during this experiment. At low 
insolation, carbohydrate stress due to reduced photosynthesis would 
operate earlier than in grain legumes growing under optimum insolation. 
Greater carbohydrate stress would occur in plants grown under short days 
(near the equator), and warm nights, which may' reduce overall photo-
synthesis and increase carbon losses due to respiration. As nitrogen 
is translocated from leaves to developing seeds when plants are repro-
ductive, this further reduces photosynthetic efficiency and thus carbo-
hydrate supply to the nodules. 
In this experiment, plants with nodule drY'weights greater 
than 40 mg plant-1 (Figure 6.4).showed the greatest difference between 
night and day nitrogen fixation. These plants fixed more nitrogen and 
therefore used more carbohydrate than plants with nodule dry weights of less 
than 30 mg plant-I. Lower leaves of all plants were chlorotic, and 
it is these leaves which supply most of the carbohydrate required by the 
nodules and roots for efficient nitrogen fixation (Flinn and Pate, 1970; 
Herridge and Pate, 1977). The reduced photosynthesis of these chlorotic 
leaves and thus inadequate carbohydrate supply may explain the rapid 
reduction in nitrogen fixation observed from 1700 to 0500 hours (Figure 
6.1) . 
A direct temperature response may also explain the result 
obtained at cycle 3 (Figure 6.5). Pate (1977a) considered that peas 
have a broadly based temperature optimum over the range 10 - 300 e for 
nitrogen fixation. Peas have been shown to fix more nitrogen and grow 
better when nights are cool (Roponen et al., 1970; Minchin and Pate, 
1974). In Minchin and Pate's studies, carbohydrate supplies in the nod-
ules were used less efficiently when night temperature increased from 12 
to 18 degrees. The marked nitrogen fixation sequence which was independ-
- -----".' 
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ent of temperature, at cycle 2 (Figure 6.5) indicated that temperature 
was not a major factor limiting nitrogen fixation at that cycle. At 
cycle 3, however, a close relationship between incubation temperature and 
nitrogen fixation was noted, a feature also observed by Gibson (1976) 
in soybeans. The response was not only due to temperature, as nitrogen 
fixation was-Teduced -more-rapidly than temperature between 1700 and 0500 
hours. The study of nitrogen fi~ation responses to temperature in peas 
merits further study, particularly in Canterbury where high temperatures 
are frequently associated with low relative humidities. 
The last cycle occurred three days after irrigation, and 
under the previously dry conditions, irrigation would be expected to 
increase nitrogen fixation. - After irrigation, however, the soil dried 
rapidly and itis hot surpri~in~ that a decline in nitrogen fixation over 
the 24 hour period at cycle 3 was observed. 
6.5 CONCLUSIONS 
The results from the three 24 hour periods which were assayed 
indicate the caution that is needed when calculating total nitrogen 
fixation from hourly acetylene reduction rates. From this study, more 
accurate estimates of daily nitrogen fixation will be obtained from assays 
between 1100 - 1400 h than at 0800 h. 
'Although data for only three cycles are available, during the 
vegetative phase and when water was not limiting, photosynthate supply 
to the nodules was not the dominant limiting factor for nitrogen fixation. 
Nitrogen fixation was reduced, however, when transpiration exceeded soil 
. water uptake and plants wilted. During pod fill, at cycle 3, reduced 
temperature and insufficient carbohydrate supplies appear to have limited 
nitrogen fixation during the night. 
, -
, 
Nitrogen fixation in peas responded positively to increased 
··temperature,· except-when northwesterly wind blew. 
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CHAPTER 7 
GENERAL DISCUSSION 
7.1 PEAS IN CROP ROTATIONS 
Two major aspects of nitrogen fixation in peas have been investigated 
in this study: 
1) their effect on soil fertility, 
2) factors influencing their nitrogen-fixing activity. 
Until the 1970's the influence of grain legumes on subsequent crop growth 
in New Zealand received little investigation. Grazed white clover/rye-
grass pastures were considered to adequately maintain fertility in crop 
rotations, as demonstrated in Sears' classical experiments (Sears, 1953; 
Sears et ai., 1953; Sears, 1965). The reduction in duration of grazed 
pasture leads to a decline in soil nitrogen status. Therefore, as crop-
ping intensity rises, soil nitrogen increasingly becomes a constraint to 
crop yield (Russell, 1973). 
Although grain legumes may be able to maintain or restore soil 
fertility, there have been very few New Zealand studies which assess these 
effects. In the South Island, studies initiated by Rhodes and White 
(Experiment 2, Trial 1), fol~owed by a later study on a more fertile soil 
(Experiment 2, Trial 2) are the only investigations which assess the effect 
of peas and lupins, harvested at maturity, on subsequent crop growth. 
Results from Experiment 2 (Trial 1) which showed wheat yield after peas and 
lupins was 73 per cent greater than after barley, were in very close agree-
ment with those of Hawthorne and Lewis (1980). In their brief report, 
Hawthorne and Lewis showed barley following lupins yielded 77 per cent more 
, ..... ~ •.. ,'. ',-, '-'." ,-.", 
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than barley following barley. They attributed this, at least in part, to 
enhanced~soilnitrogen status after the legume. Earlier Australian stud-
ies at the Waite Research Institute over a 50 year period showed that mean 
annual dry matter production from a wheat/pea rotation was 50 per cent more 
than from a wheat/fallow rotation. Soil nitrogen was reduced with the pea/ 
-wheat rotation but reduced even more with the wheat/fallow rotation (Russell, c, 
1980). Normally most of the nitrogen in grain legumes is removed in their 
seed. Furthermore, cultivation stimulates mineralisation of organic nitro-
gen (Russell, 1973) and the increased mineral nitrogen will reduce grain 
legume reliance on symbiotic fixation (Dean and-Clark, 1980; Herridge, 
1982c). Thus the nett nitrogen contribution to the soil is lower after 
grain legumes compared with grazed pastures, or when grain legumes are 
grazed. 
As was expected, on the more fertile soil (Experiment 2, Trial 2), the 
response in ryegrass production to grain legumes was less than on the 
i nfertil e soil. Winter-grown ryegrass yield after peas and lupins was 
respectively 25 and 11 per cent greater than after wheat. With the higher 
levels of soil nitrogen, plant demand for symbiotic nitrogen decreased and 
hence nitrogen fixation was reduced. Comparisons cannot be stressed 
between these tri al s because of differing season and fertil i ty interactions. 
A further trial (Experiment 3) on the same soil as Experiment 2 (Trial 
2) produced almost exactly the same response in ryegrass yield, although 
different cereals were used in the two trials. On that fertile soil, even 
in the presence of 8 t ha- 1 of straw incorporated at sowing, there was still 
14 ppm N in the surface 20 cm during vegetative growth. The ryegrass yield 
responses not only supported the hypothesis that grain legumes enhance sub-
sequent crop yield but also demonstrated this across pea cultivars (cv. Huka 
and Puke). This 28 per cent increase in ryegrass yield after barley, even 
on a high fertil ity soil, is large enough to be agronomically significant. 
I 
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Inclusion of fallow plots would strengthen assessment of absolute 
ferti 1 i-tychanges. In some trials the estimation of changes in soil 
fertility was limited because of their absence. Simultaneous measurement 
of nitrogen leaching losses would allow more accurate estimation of nitro-
gen balances. Soil structural changes were not covered in this thesis 
because of the difficulty in measuring significant changes in structure 
after tria}s lasting only two or three years (Dr C. Ross, Soil Bureau, 
I 
DSIR, pers. comm.). Despite these limitations, experiments in New Zealand, 
Australia (Boundy, 1978; Hawthorne and Lewfs, 1980; Russell, 1980), India 
(Ahlawat et al., 1981), Africa (Jones, 1974) and North America (Van Doren, 
Triplett and Henry, 1976) have clearly shown the benefits to be gained from 
growing grain legumes in crop rotations. 
The principal cause of these differences is the soil nitrogen status 
(Russell, 1973). Nitrogen fixed by peas may remain in roots and nodules 
after seed harvest. Above-ground residues may also contain significant 
quantities of nitrogen (Pate, 1977; Rasmussen and Pumphrey, 1977; Rhodes, 
1980; Withers et al., 1981). In Experiment 3 where garden peas cv. Puke 
peas were harvested at the green pea stage and at maturity, residues con-
-2 tained 6.8 and 2.7 g N m respectively. Although the effect of grazing 
residues after seed harvest has not been assessed for grain legumes, Janson 
and Knight (1980) demonstrated the increased fertility which resulted after 
autumn-sown grain legumes were grazed in the spring. On a low fertility 
soil, subsequent wheat yielded twice as much after peas and tick beans com-
pared with ryegrass/oats greenfeed, subterraneum clover or blue lupins. 
Lupin performance may have been depressed because sowing date (March 8) was 
later than optimum (Janson and Knight, 1980). 
. -' .. --,. 
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7.2 INFLUENCE OF WATER ON NITROGEN-FIXING ACTIVITY 
Many studies have shown the sensitivity of peas to drought stress 
and to waterlogging (Chapter 1). Results from Experiments 3 and 4 confirm 
these responses in terms of yield although responses were less than those 
reported by Stoker (1973), Anderson and White (1974) and White et al. 
(1982) for vining and dry pea crops in Canterbury. Over 100 mm rainfall 
during pod filling in Environment 3 reduced the response in that season. 
Water stress limits nitrogen translocation from vegetative to repro-
ductive portions in lupins as shown by Hocking (1982). Experiment 4, how-
ever, showed that some water stress may increase the nitrogen harvest index, 
particularly when Maple peas are autumn-sown. Irrigation of autumn-sown 
peas resulted in a NHI of only 0.29 but drought treatments applied after 
flowering began results in a NHI of 0.53. Thus for water stress to reduce 
the NHI, the stress must be severe enough to cause premature senescence. 
The excessive growth of autumn-sown Partri"dge, and consequently low harvest 
index, in Experiment 4 occurred because water was applied before the plant 
had become fully reproductive. If a crop is to be harvested for grain, 
then the excess vegetative growth would reduce seed yield and increase 
harvesting problems. Crops of this nature can develop in wet seasons 
without irrigation. In these circumstances using the crop for silage or 
stock feed directly may be the most profitable alternative. Crops sown 
late in the spring after pea grazing may then benefit from the increased 
fertil i ty. European plant breeders are presently developing pea lines 
specifically for stock feed (Potts, 1978). 
Nitrogen fixation was expected to increase after irrigation. How-
~ver)responses were smaller than predicted. In Experi"ment 3, heavy rain 
reduced the irrigation response. In Experiment 4, the spring-sown peas 
did not respond as markedly to irrigation as did the autumn-sown peas, 
particularly Whero. Maple peas, particularly Partridge in Experiment 5, 
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reached peak fixation before water stress occurred and before other culti-
vars reached their peak. Thus,when soil moisture is not a major limit to 
growth, soil nitrate supply is frequently adequate for pea requirements. 
This depresses the nitrogen fixation response to irrigation. 
7.3 INFLUENCE OF SOIL NITRATE 
In all trials nitrogen-fixing actiVity of peas was low. This is 
attributed to the ready availabillty of soil nitrogen. Mineral nitrogen 
influences on nitrogen-fixing activity in peas are not fully understood. 
Some pot trials (Virtanen and Hausen, 1952) and controlled environment 
studies (Oghoghorie and Pate, 1971) have shown peas to be relatively toler-
ant of nitrate in the growth medium. In Oghoghorie and Pate's solution 
culture study, 35 ppm N reduced fixation by 40 per cent, while 315 ppm N 
reduced it by 80 per cent, when compared to peas which were totally reliant 
on nitrogen fixation. The relative tolerance of peas to nitrogen recorded 
for solution culture but not for field-grown peas may be a function of the 
totally different environments and growth media. In Canterbury, field-
grown peas have been shown to fix almost all of tneir nitrogen only when 
soil nitrogen was very low C< 3 ppm N in surface 60 cm). In those circum-
stances, however, yield was also depressed due to the poorly structured soil 
(Rhodes, 1980). In Experiment 3 nitrogen fixation was further reduced by 
45 kg N ha-1, applied at nodule formation or flowering. Alth~ugh some stud-
ies have shown that small amounts of nitrogen benefit legume growth and 
fixation (Oghoghorie and Pate, 1971; Hoglund, 1973) the responses obtained 
here showed that increased soil nitrogen directly replaced fixation. Nitro-
gen fixation was also markedly reduced in field studies when soil nitrate 
levels were similar to those in this thesis (Dean and Clark, 1980; Sosulski 
and Buchan, 1980). 
[-., 
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Shivashankar and Vlassak (1978) showed that nitrogen fixation in soy-
beans was increased by 345per:cent-and yield was increased by 116 per cent 
(to 269 g m-2) when 4 t ha-1 straw was incorporated into the soil prior to 
drilling. Nitrogen fixation was probably enhanced because of reductions 
in soil nitrate but changes in this parameter were not measured in their 
study. Seed yield increases were attributed to increased CO2 and thus 
enhanced photosynthesis, resulti~g from straw decomposition. Simil ar 
responses were not obtained in the present studies. In the trial reported 
here straw had l.ittle effect on yield or nitrogen fixation, as soil nitrate 
levels were not reduced as much as expected. Straw may have increased CO2 
levels in the canopy, but in the windy Canterbury environment possible 
increases would have been nullified. Increased CO2 in the lower crop 
canopy would only benefit yield and nitrogen fixation when photosynthesis 
limited production. 
7.4 INFLUENCE OF CULTIVAR 
Nitrogen transfer from vegetative organs to seeds limits that useful-
ness of grain legumes in crop rotations. Rhodes (1980) showed that lupins 
have a NHI (nitrogen harvest index) of 0.91 whereas Huka peas were 0.86. 
In Experiment 5 important differences were observed in the proportion of 
plant nitrogen transferred to seeds in the eight cultivars studied. The 
very early maturing cultivar, Tere, had a large NHI of 0.85 whereas Part-
ridge which flowered late had a NHI of only 0.38. Neither of these culti-
vars yielded as well as Rovar or Huka. These latter cultivars yielded 
284 and 360 g m- 2 and had NHI's of 0.81 and 0.80 respectively. In general, 
then, lupins may be more efficient than peas at translocating nitrogen into 
the seed but differences in pea cultivars and time of harvest (green or dry) 
may be exploited when crop residues are to be used for soil amelioration. 
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Field peas fixed approximately twice as much nitrogen as did garden 
peas.- El-Sherbeeny et-al.-(1977) have also. shown large differences in 
nitrogen fixation between cultivars of tick beans. Sprent (1979) sug-
gested that the greater fixation observed in climbing cultivars of 
Phaseolus vulgaris compared with bushy types may reflect an unwitting 
selectionagainstnitrogen---fixing efficiency in the latter. This could 
occur where breeding programmes are carried out on highly fertile soils 
where reliance on nitrogen fixation would be minimised. Flowering pat-
terns of the peas in this study did not appear to be correlated with the 
peak in nitrogen fixation as the indeterminate cultivar Partridge reached 
peak fixation before flowering. 
7.5 INFLUENCE OF CARBOHYDRATE SUPPLY TO NODULES 
Many studies, parti cul arly ingrowth cabi nets" have shown that nitrogen 
fixation in grain legumes is limited by the supply of carbohydrate to 
nodules (Lowrie and Wheeler, 1973; Hardy and Havelka, 1976; Sheikholeslam 
et al., 1980). These conclusions have frequently been made for soybeans 
which have higher demands than peas for carbohydrate during seed filling 
(Figure 1.1). Peas in the trials reported here did not exceed nitrogen 
-1 -1 fixation rates of 6 ~moles C2H4 plant h At these low rates the demand 
for carbohydrate would be less than for plants with greater nitrogen-fixing 
activity. 
In terms of carbohydrate supply to nodules, the Canterbury environment 
is well suited to optimising nitrogen fixation with long sunny days and cool 
nights. The influence of increased insolation has been studied by 
Sheikholeslam et al. (1980) who showed that peas grown at 10 MJ m-2 day-l 
stored 200 per cent more photo-assimilate in the nodules than plants at 
-2 -1 Y. 6 MJ m day Thelconsidered that at low light diurnal variation in 
- '-
nitrogen-fixing activity would be greater than where insolation (PAR) was 
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closer to 10 MJ m- 2 day-I. Results from Experiment 6 indirectly support 
this. Nitrogen fixation at flowering increased, rathe~ than ~ecreased, 
during the night. This strongly suggested that carbohydrate supplied to 
the nodule during the day did not limit night-time fixation. However, 
that trial was not designed to assess the influence of carbohydrate supply 
on nodule function. Peas are noted for their scrambling habit and shading 
of lower leaves may lead to reduced fixation, particularly in cultivars 
which lodge readily. Although this has not been assessed in peas, Hardy 
and Havelka (1976) showed that fixation by lodged soybean was less than one 
third that of unlodged plants.. A future study of diurnal variation could 
be designed specifically to show the adequacy of carbohydrate supply to 
, -; 
nodule function. Plants could be sown at different times to give a range 
of phenological stages at anyone assay. Shade treatments imposed prior to 
assays would alter the insolation levels. Plants would then need to be 
assayed at one temperature to minimise the confounding influence of diurnal 
changes in that parameter. Thus the importance of insolation and pheno-
logical stage on nodule performance still requires further assessment in 
the fi el d. 
7.6 MEASUREMENT OF NITROGEN FIXATION 
Nitrogen fixing activity of peas in all trials was low. The proport-
ion of total nitrogen from fixation (C2H2) was approximately 3 per cent 
after spring sowing in Experiment 3, and 11 and 9 per cent from autumn and 
spring sowing (Experiment 4)~ Cultivar differences ranged from 6 per cent 
for Pania to 30 per cent for Partridge (Chapter 5). These low values have 
been attributed to adequate supplies of soil nitrate. Recent evidence for 
field-grown lupins and soybeans (Herridge, 1982c) supports this, where soy- ! 
beans fixed only 0.5 g N m-2 (2% of plant nitrogen) when sown inio a soil 
containing 18 g N m- 2 in the surface 120 cm. In that crop 15 g N m-2 were 
.--":'- ' 
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lost in the seed and thus 14.5 g N m-2 were lost from the soil. Estimates 
' .. of ·nitrogen fixation· were based both.on.acetylene reduction and tissue 
solute analysis (Herridge, 1982a, b). In the trials reported here, how-
ever, acetylene reduction may not have measured all of the fixed nitrogen. 
This is suggested by the large discrepancy between nitrogen balance 
. estimates· (49%) and acetylene reduction (3% ~f total nitrogen from fixation) 
in Experiment 3. 
Thus before an overall assessment of the factors i nfl uencing nitrogen 
fixation in peas can be made, it is important to evaluate the techniques 
used to measure nitrogen fixation: As previously discussed (Chapter 1) 
acetylene reduction is the principal technique used to measure nitrogen-
fixing activity. The technique is admirably suited for showing differences 
between treatme~ts. It is relatively easy, rapid and can record changes in 
fixation rate over short periods. However, for absolute measurement of 
nitrogen fixation, the assumptions inherent in the technique limit 'its use-
fulness. Hydrogen evolution, which is blocked by acetylene, is assumed to 
be an insignificant fraction of the nitrogen-fixing activity. Furthermore, 
relative efficiency is assumed to be constant and unaffected by treatments. 
Both these assumptions are questionable. The presence of an active uptake 
hydrogenase that re-metabolises hydrogen produced would also make attempts to 
measure hydrogen production meaningless (Turner and Gibson, 1980). Beth-
lenfalvay et al. (1978) and Gibson (1978) showed that the amount of hydrogen 
evolved-did not remain constant but varied with both time and treatments 
that altered photosynthesis. However, if hydrogen evolution was important 
in this thesis, the calculated levels of nitrogen fixation would be over-
estimated. In contrast, if the ratio of moles acetylene to moles of nitro-
, ~en fixed~was as low as 1.5:1 or less as observed for peas (Oghoghorie and 
Pate, 1971) and soybeans (Herridge, 1982a) then nitrogen fixation,estimates 
could be more than doubled. Here in New.Zealand, Rhodes' (1980) estimates 
of nitrogen fixation from acetylene reduction (which used the theoretical 
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ratio of 3: 1) and nitrogen balance estimate were in close .agreement for 
peas,-but differed widely for lupins. It is likely that the ratios used 
were not constant in experiments described in this thesis. Thus acetylene 
reduction has been used primarily to show differences in nitrogen-fixing 
activity between treatments and not for direct estimates of seasonal nitro-
gen fixation. 
A further assumption inherent in the use of acetylene reduction is 
that the ratio of nodules harvested to those remaining in the soil is the 
same for all treatments. This is unlikely. In plots where soils were 
kept artificially dry (Experiment 4), considerable difficulty was experienced 
in sampling roots and retrieving all nodules. Irrigated treatments 
(Experiments 3 and 4) and those with straw incorporated (Experiment 3) were 
considerably easier to s~mple.In these contrasting conditions the pro-
portion of the total nodules assayed could vary significantly. The dif-
ficulty in harvesting all soybean nodules was considered by Herridge (1982b) 
to be a major reason for the discrepancy between nitrogen fixation estimated 
by acetylene reduction (45 kg N ha-1) and ureide analysis (203 kg N ha-1). 
White clover has been shown to fix a greater proportion of its nitrogen 
lower in the soil profile when drought occurs (Hoglund and Brock, 1978). 
Therefore, sampling nodulated roots to 20 cm may not only underestimate 
nitrogen-fixing activity, particularly in dryland plots, but may also 
underestimate the total nitrogen stored in roots and nodules. Calculations 
of nitrogen in roots and root dry weight from the top 20 cm only have gen-
erally been avoided because of the misleading nature of the results. 
Researchers in the USA have been developing techniques to sample roots to 
at least 1 m (Taylor and Klepper, 1978) but apart from the financial and 
time costs the techniques developed may not be suitable for Canterbury con-
ditions where alluvial gravels in the B horizon impede soil sampling. 
1 
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In situ assays would help to overcome the problem of sampling all 
nodules. Thus the development of in situ, field-based techniques to 
measure nitrogen fixation warrants further study, as it would allow assess-
ment of the effect of short-term environmental changes on nitrogen fixat-
ion. These have been developed for closed pot systems (Hart, 1976; 
. Mederski.·and Streeter,1977) but far less attention has been paJd to the 
difficulties of measuring nitrogen fixation in the field (Mahon and Sal-
minen, 1980). Where low rates of ethylene production occur, direct 
samples of the soil gas may help to overcome the problem of inadequate 
resolution in the gas chromatograph, 'while seals around the base of plants 
wou'ld reduce the volume of air that dilutes the ethylene. Assays of this 
type, however, would not account for the activity change with soil depth, 
particularly in droughts (Hoglund and Brock, 1978). A large number of 
destructive soil cores would be necessary to assess this. These techniques 
would also reduce sampling error by reducing the number of plants sampled. 
Furthermore, frequent acetylene reduction assays may be toxic to nodules and 
any deleterious effects would need to be assessed. In situ assays were 
attempted in Experiment 3. Although preliminary tests in the glasshouse 
showed that the technique was suitable, it was not successful in the field, 
primarily because of low rates of fixation. 
When using acetylene reduction, accurate estimation of total nitrogen 
fixation depends on taking many acetylene reduction assays during growth, 
and assessment of the effect of diurnal variation in nitroge-fixing activity 
(Hardy et al., 1968; Carran et al., 1982). Pl ants harvested during I 
acetylene reduction assays were generally divided into root, stem, leaf, pod 
and peas. This was labour-intensive and limited the number of assays. In 
"future studies, this partitioning may' best be done during vegetative growth, 
at flowering, pod filling and at maturity. The reduced emphasis on plant 
partitioning would allow more frequent assays, and thus more accurate 
estimates of nitrogen fixation. The usefulness of measuring nodule weight 
201 
and using this as a covariate in estimating ethylene production was shown 
in Experiment 6. Although more frequent assays and measurement of nodule 
weight are costly in terms of time, they allow more accurate estimation of 
treatment effects on nitrogen fixation. 
7.7 CONCLUSIONS AND FUTURE STUDY 
Peas enhance soil fertility when compared with cereals and this holds 
for both ferti 1 e and i nfertn e soil s. Increased soil nitrogen levels after 
pea crops, however, are un1iRe1y because of their re1iance"on soil nitrogen 
and the large amount of nitrogenremovedin'seeds. Thus soil fertility is 
1 ikely to be higher after vining' pea crops, with a low nitrogen harvest 
index, than after dry peas particularly when residues are returned. 
Nitrogen-fixing activity is depressed by the levels of soil nitrate 
found in cropping soils. When fertility is low, nitrogen and seed yield 
may be reduced although fixation will account for most of the plant nitro-
gen. Irrigation stimulates nitrogen fixation except where soil nitrate 
levels are sufficiently high to inhibit fixation. 
Grain legumes may also enhance fertility by improving soil structure. 
It is certainly less important than nitrogen, and far more difficult to 
assess but quantitative investigation of its contribution in enhancing 
fertility still remains to be done. 
The cultivar differences observed in Experiment 5 deserve further 
attention and cultivar:Rhizobium interactions may also lead to enhanced 
fixation. Identification of a cultivar and Rhizobium strain combination 
which will fix a large proportion of plant nitrogen in a high fertil ity 
soil is needed. 
-:-:'." 
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Appendix I: Acetylene reduction. 
Each root sample from a harvested quadrat was placed in a glass jar 
of 1 1 capacity (Agee preserving jars, N.Z. Glass Manufacturing Co.) and 
was sealed with a gas tight lid fitted with a rubber septum, through which 
100 ml of air were withdrawn. The air was immediately replaced with 
100 ml of C2H2 and the time at which acetylene was· injected, noted for each 
sample. Jars were incubated for one hour in a soil pit, filled with damp 
sawdust and covered with an asbestos sheet and sawdust filled sack. A 
thermometer was placed in the soil.pit and in adjacent soil to a depth of 
10 cm. Temperatures were noted at the start and end of the assay period. 
After incubation. jars were withdrawn from the soil pit and gas 
samples collected in rubber stoppered 10 ml evacuated vials via a double-
ended needle. A 0.2 ml sample of gas from each vial was analysed by gas 
chromatography using a flame ionisation detector and a stainless steel 
column (6 mm outside diameter and 0.6 m length) packed with Poropak N. 
An oven temperature of 700C, and nitrogen as carrier gas was used at a 
flow rate of approximately 25 ml min-I. Peak heights of ethylene and 
-1 -1 
acetylene were measured and used to calculate nanomoles C2H2 plant h 
Acetylene was used as an internal standard by using the formula: 
Corrected C2H4 peak hei ght (cm) = assay C2H4 peak hei ght (cm) x [C2H2 
peak height (cm) at 10% concentration x assay C2H2 peak height (cm)-l J. 
Corrected ethylene peak heights were then converted to 10g10 C2H4 
~nmoles) contained in 0.2 ml gas by the formula: 
10910C2H4 (nmoles) = 0.9498, [10910 corrected C2H4 peak height .(cm) ] -
2.14. This formula, derived from the standard ethylene curve was changed 
after recalibration due to a fire in 1980 to 0.9255 [10g 10 corrected 
i': 
, 
, . 
, l' . 
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C2H4 peak h.eight (em).] - 2.12. 
-1 -1 nmoles C2H4 jar were calculated by multiplying nmoles C2H4 1.0 ml 
by the volume of the jar to obtain nmoles C4H4 produced per jar over the 
incubation period. This was divided by the number of plants assayed to 
give nmoles C2H4 plant-
1 h- 1 
nmoles 
nmoles 
An estimate was made of nitrogen fixati~n (g N m- 2) by: 
-1 -1 C2H4 plant day were multiplied by plant density to give 
-2 -1 C2H4 m day 
-2 -1 _1 
n m.ol es N2 m . day were cal cul ated by di vi di ng nmol es C2H4 pl ant 
day -1 by 3. 
moles N2 were multiplied by 28 to obtain 9 N fixed m- 2 day-l 
,~ , '.~.' ", - ... -',' 
I . 
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Appendix II: The determination of nitrate nitrogen in soils using the 
model 93-07 nitrate electrode. 
SUMMARY 
The soil sample is stirred with an extractant solution and the 
nitrate~nitrogen is determined by direct measurement with a specific ion 
electrode. Care must be taken to keep the soil samples refrigerated to 
prevent the biological degradation of the nitrate ion. 
APPARATUS 
Orion model 407A specific ion meter 
Model 93-07 nitrate electrode 
Orion model 90-02 double junction reference electrode 
Magnetic stirrer 
METHOD 
Weigh out 20 9 of the soil sample and place in 150 ml tall form 
beaker. Add 40 ml (tilt measure) of Orion extractant and magnetic stir-
ring flea. Stir and balance the orion meter using 100 ml of a 5 ~g N 
ml- 1 standard, to which has been added 1 ml of 15A (ionic strength 
adjuster; 10 M Potassium fluoride solution). The solution is then 
checked with 100 ml of a 50 ~g N ml-1 standard which also contains 1 ml 
of ISA. The needle should go to 10 on the top scale. 
N03-N ppm = Top scale reading x standard x ratio of extractant/soil. 
~ '" - : -. _. '. -\ 
I 
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Appendix III: Nitrogen analysis of plant material. 
Prior to Kjeldahl digestion, ground plant material was oven dried at 
700 e overnight and, depending on the nitrogen concentration, duplicates of 
between 0.150 g and 0.250 g of plant material were weighed into Jay Tee 
patty pans (McMeeking Manufacturing Ltd, Dunedin), which contained no 
measurable nitrogen. Weights of 0.250 g of mature stem material and 
0.150 g of immature leaf or mature seed were used to give similar nitrogen 
concentrations in final solutions for auto-analysis. Each digestion run 
of 40 tubes contained 1 blank, 3 plant standards and 18 duplicated plant 
samples. To each digestion tube was added 7 ml of concentrated H2S04, 
2.8 g (Si 0.1) of 1% Se:K2S04 catalyst, a patty pan and plant material. 
Actual weights of plant material were recorded to 0.0005 g. Digestion 
o . proceeded for 1 hour at 100 e and a further 1.5 hours at 3800e, on a hot 
plate (ITecator Digestion System 40 1 ). When cool, approximately 95 ml of 
distilled water were added while tubes were mechanically stirred. They 
were left to cool again for at least 4 hours before being made up to 100 ml 
. exactly. Samples were run on an autoanalyser using a phenol-hypochlorite 
method, modified by Weatherburn (1967). 
Standards were prepared by the following method: 
1) Place analytical grade ammonium sulphate in a desiccator overnight. 
2) Weigh out 1.888-g into all volumetric flask and make up to volume 
with distilled water (= bulk solution). 
3) Prepare 14 Tecator digestion tubes (100 ml capacity) by: 
i) adding 7 ml concentrated sulphuric acid (commercial grade con-
tained no measurable nitrogen); 
ii) adding 2.76 g catalyst as above; 
iii) adding one paper cup and digest as normal. 
.• -,- '---." 
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4) When cool, add into all tubes approximately 50 ml of distilled water 
while stirring solution. 
5) Into groups of tubes add 5.0, 7.5, 10.0, 12.5, 15.0, 22.5, 30.0 ml 
of bulk solution from (2). These solutions when cool and made up 
to 100 ml exactly will contain 20, 30, 40, 50, 60, 90 and 120 ~g 
N ml- 1 respectively. Vials for storage should be stoppered and 
refrigerated. 
Each run was corrected to the known nitrogen concentration in the 
bulk plant standard. Samples were redigested if the standard error of 
the mean (of the two digests for each sample) was greater than 10 per cent 
of the mean. 
.. ,-.- .. " .... '--
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Appendix IV: Orthogonal comparisons. 
There are three general approaches to mean separation: 
i) the use of least significant differences, 
ii) the use of multiple range tests, and 
iii) '. planned F tests. 
Planned F tests usually offer the most precise procedure for mean 
separation (Little and Hills, 1978). An F test with more than one 
degree of freedom for treatments is the average test of as many independ-
en~ comparions as there are degrees of freedom. If only one of the com-
parisons involves a real difference and if this difference should be 
averaged with differences that are very small, then such a test may not 
detect the difference of interest (Steel and Torrie, 1960). For thi s 
reason, planned meani ngful campa ri sons ha ve been used to separate means. 
Both references i ndi cate the forma 1 procedure for us i ng orthogonal com-
pari sons. 
In Chapter Two,comparisonswere planned to test the following 
differences: 
Treatments 
Compa ri sons Manapou Huka Puke Uniharvest Fallow barley peas peas lupins 
i ) Ba rl ey versus 
-3 +1 +1 +1 0 legumes 
i i ) Puke versus Huka 0 -1 +1 0 0 
iii) Peas versus 0 -1 -1 +2 a lupins 
i v) Cropped versus 
-1 -1 -1 -1 +4 fall ow 
The last three comparisons were generally not important and were 
grouped into deviations in the analysis of variance. 
In Chapter 5, comparisons were planned to test the following 
differences: 
Treatments 
Comparison Huka Whero Partridge Rovar Puke Pania Tere 
i) Tere versus +1 +1 +1 +1 +1 +1 -7 
all other 
cultivars 
i i ) Maple versus -2 +5 +5 -2 -2 -2 a 
others, not 
Tere 
iii) Whero versus a -1 +1 a a a a 
Partridge 
iv) Rovar and +3 a a +3 -2 -2 a 
Huka versus 
garden 
cultivars, 
not Tere 
v) Rovar versus -1 a a +1 a a a 
Huka 
vi) SSF versus a a a a -1 -1 a 
Puke and 
Pania 
vii) Puke versus a a a a +1 -1 a 
Pania 
The last three comparisons were generally not important and were 
grouped into deviations in the analysis of variance. 
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Appendix 4.1 50il moistures during growth of autumn and spring peas. 
Days Dry mass Dry mass 
Date after Treatment water Depth water 
smying percentage cm percentage (0-20 cm) 
17. 5.80 10 A W R 27.1 20-60 20.4 
9. 9.80 125 A W R 25.3 20-60 19.5 
3.10.80 149 A W R 16.6 20-60 14.5 
A W I 34.9 20-60 24.4 
30.10 .80 176 A W I 19~7 20-60 -
1.11. 80 178 A W R 14.5 20-60 12.9 
A l~ I 31.0 20-60 23.4 
50 5 W I 16.7 20-60 16.6 
14.11. 80 191 A W R 23.5 20-60 14.1 
22.11.80 199 A P D 15.0 20-50 12.5 
APR 21.0 20-50 14.5 
27.11. 80 204 A W R 23.0 20-40 14.0 
A W I 30.0 20-40 24.5 
2.12.80 81 S W D 19.5 20-40 16.1 
5 W R 24.0 20-40 18.0 
15.12.80 222 A W I 24.0 20-40 19.0· 
94 5 W D 15.0 20-40 13.0 
5 W R 15.5 20-40 13.5 
5 W I 23.0 20-40 18.4 
17 .12.80 224 A P D 9.9 20-40 9.6 
A P N 14.9 20-40 11.8 
A P I 22.1 20-40 16.2 
96 5 W I 26.6 20-40 22.2 
5 P R 14.5 20-40 12.7 
24.12.80 231 A P I 30.8 20-40 23.4 
103 5 P I 30.0 20-40 23.0 
1. 1.81 239 A P I 27.5 20-40 20.6 
111 5 W I 21.9 20-40 17 .4 
111 5 P I 26.3 20-40 20.2 
3. 1.81 113 5 W I 32.8 20-40 24.6 
5. 1.81 243 A P I 21.6 20-40 18.7 
115 5 P I 20.8 20-40 17.7 
7. 1.81 245 A P I 29.5 20-40 25.8 
117 5 P I 30.0 20-40 23.6 
10. 1.81 248 A W R 13.3 20-40 11.6 
248 A W I 15.0 20-40 14.0 
248 A P D 8.6 20-40 9.1 
248 APR 11. 9 20-40 10.5 , ".-- -
248 A p. I 23.3 20-40 18.6 
120 5 W D 9.8 20-40 10.0 
120 5 W R 11.0 20-40 10.0 
120 5 W I 24.3 20-40 18.5 
120 5 P D 8.6 20-40 11.3 
120 5 P R 8.5 20-40 9.0 
120 5 P I 23.0 20-40 20.0 
19. 1. 81 129 5 W I 22.0 20-40 20.0 
5 P I 21.0 20-40 17 .0 i . 
22. 1. 81 132 5 W I 32.0 20-40 26.0 
5 P D 8.0 20-40 8.6 I· 
5 P R 14.0 20-40 11.0 
5 P I 31.0 20-40 25.0 
2. 2.81 144 5 P R 13.0 20-40 12.0 
5 P I 21.0 20-40 17.8 
6. 2.81 147 S P I 24.0 20-40 20.0 
Appendix 4.2: Influence of cultivar and moisture on nitrogen concentration (% N) of plant components of 
autumn-sown peas 135, 163 and 188 days after sowing, and the influence of cultivar on 
nitrogen concentration of plant components of spring-sown peas 38 and 60 days after sowing. 
Days after sowing 
Autumn-sown 135 163 188 
Root Whole top Root Stem Leaf Pod + Root pea. Stem Leaf Pod 
Whero D 2.37 1. 75 4.08 5.37. .2.11 1.18 2.72 2.64 
R 2.59 3.29 2.53 1. 62 4.27 5.59 2.33 0.98 2.85 2.96 
I 2.36 1.65 4.36 4.87 2.85 1.21 3.98 3.07 
Pa rtri dge . R 3.01 3.77 2.88 2.04 4.55 - 2.77 1.30 3.82 -
LSD. 05 O. 67 1.48 0.51 0.49 0.78 0.67 0.39** 0.41 0.79* 1.19 
CV 10.7 18.7 12.5 17.2 11.3 7.4 9.7 21.8 14.8 23.9 
Days after sowing 
Spring-sown 38 60 
Root Whole tops Root Whole tops 
Whero R 2.09 3.74 3.03 3.85 
Partridge D 2.09 3.88 3.12 3.89 
LSD. 05 0.41 0.52 0.77 1.56 
CV % 8.6 4.5 11.1 13.2 
- :,,' 
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Appendix 5.1: Absolute growth rates of pea plants at each harvest. 
Days from drilling 
Culti var -1 -1) (g plant d 
27 43 57 70 85 104 129 
Huka 0.011 0.037 0.080 0.129 0.157 0.086 -0.113 
Whero 0.018 0.050 0.099 0.150 0.179 0.112 -0.087 
Partridge 0.013 0.034 0.066 0.097 0.0116 0.077 -0.050 
Rovar 0.015 0.049 0.108 0.171 0.197 0.071 -0.182 
Puke 0.015 0.048 0.103 0.165 0.205 0.133 -0.105 
Pania 0.013 0.043 0.098 0.158 0.194 0.096 -0.154 
Tere 0.018 0.058 0.121 0.179 0.187 0.058 -0.165 
SSE 0.016 0.055 0.120 0.187 0.215 0.088 -0.178 
LSD. 05 0.002 0.006 0.018 0.035 0.059 0.088 00.094 
CV 7.6 9.5 12.8 15.7 21.8 64.5 49.9 
Orthogonal comparisons, variance ratios: 
Cultivars 
(7 d.f.) 
19.17 13.60 8.68 5.80 2.59 0.68 2.21 
1: Tere vs other cultivsrs 
32.0 27.3 13.1 . 4.6. 0.1 1.4 1.5 
2: Maples vs other cultivars not Tere 
9.2 4.8 13.3 14.2 7.9 0.0 8.3 
3: Whero vs Partridge 
43.8 26.2 12.8 9.5 5.1 0.8 0.7 
4: Rovar and Huka vs garden cultivars not Tere 
12.3 8.6 4.8 3.2 2.4 1.1 0.0 
5: Rovar vs Huka 
16.8 14.7 9.3 6.0' 2.1 0.1 2.4 
6: SSF vs Puke and Pania 
12.0 11. 3 6.0 2.8 0.4 0.6 1. 5' 1, . ~ 
I. 
I 7: Puke vs Pania 
8.1 2.3 0.4 0.1 0.2 0.8 1.2 I 
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Appendix 5.2: Proportion of dry matter and nitrogen in leaf + stem, 
pod and pea. 
% of dry matter that is: % of nitrogen in plant that is: 
Lea f and stem Pod Peas Leaf and stem Pod Peas 
Huka 34.8 7.1 58.0 17 .4 2.5 80.0 
Whero 43.7 7.7 48.7 19.0 2.9 78.1 
Partridge 70.7 4.4 24.9 58.7 3.1 38.3 
Rovar 35.7 13.0 51.3 15.1 4.0 80.9 
Puke 32.2 11.7 56.1 12.9 3.2 83.9 
Pania 33.5 11.2 55.3 13.6 3.1 83.3 
Tere 27.8 14.6 57.6 10.6 4.6 84.8 
SSF 33.4 13.8 52.8 13.2 3.9 82.9 
Orthogona 1 compari sons, variance ratio: 
Cultivars 
(7 d.f.) 
52.9 20.6 40.8 39.4 6.4 41.3 
1: Tere vs other cul ti va rs 
40.9 30.9 19.3 16.1 21.0 13.3 
2: Maples vs other cultivars, not Tere 
222.0 62.9 158.0 134.0 3.1 139.6 
3:Whero vs Partridge 
105.0 8.4 97.5 123.5 0.3 134.2 
4: Rovar and Huka vs garden cultivars, not Tere 
1.7 8.6 0.0 1.8 0.6 1.7 
5-7: Others 
0.1 11.1 3.3 0.2 6.6 0.5 
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Appendix 6.1: The effect of using nodule dry weight per plant as a 
covariate on ethylene production, at cycles 2 and 3. 
namomoles C2!4 plant-1 h- 1 
Time Cycle 2 Cycle 3 
(NZSI) Unadjusted . Means adj usted Unadjusted Means adjusted 
means by covariance means by covariance 
1700 794 772 1833 1708 
2000 618 572 1616 1434 
2300 531 528 726* 1121 
0200 580 755 589 641 
0500 1077 798 966 396 
0800 1070 971 534 757 
1100 624 682 1112 1012 
1400 257 533 1208 1079 
1700 479 417 524 961 
CV 74.1 58.2 81.4 51.7 
VR 1.2 0.81 1.3 2.3 
not significant 
* 
. (0100 h NZSI) 
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dralvn by eye through .data of Ryu, 1978). 
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Appendix 6.2: Soil water potential for Templeton silt loam soil (0-20 em). 
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